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The fol lowing r e p o r t s  were prepared under NASA Grant 81-60, Cytochemical 
S tudies  of P lane tary  Micro-Organisms, by graduate  s t u d e n t s  i n  t h e  Design 
Divis ion of t h e  Department of Mechanical Engineering. The r e p o r t s  r e p r e s e n t  
concentrated s t u d i e s  of s p e c i f i c  problems encountered during t h e  des ign  of 
Mul t iva tor ,  an  instrument f o r  t h e  d e t e c t i o g  of e x t r a - t e r r e s t i a l  l i f e .  I n  
a d d i t i o n  t o  expanding t h e  s t o r e  of technology regarding automated b i o l o g i c a l  
ins t rumenta t ion ,  t h e  t o p i c s  covered have provided an educa t iona l  experience 
f o r  t he  s t u d e n t s  involved, 
The f i r s t  r e p o r t ,  S o i l  Sampling on Mars f o r  L i f e  Detect ion,  d e a l s  wi th  
t h e  problems of sample c o l l e c t i o n  and inc ludes  a d i s c u s s i o n  of labora tory  
techniques which would be u s e f u l  i n  t h e  development of a sampling device .  
The second r e p o r t ,  A Pneumatic S o i l  Sample C o l l e c t o r ,  d e s c r i b e s  a sample 
c o l l e c t o r  which would be u s e f u l  pr imar i ly  f o r  Earth-based t e s t i n g  of l i f e  
d e t e c t i o n  instruments  r e q u i r i n g  the  inpu t  sample i n  t h e  form of an  a e r o s o l .  
The c o l l e c t o r  des ign  has  s u f f i c i e n t  m e r i t  t o  be considered as a p o s s i b i l i t y  
f o r  l o c a l i z e d  sampling of the  Martian t e r r a i n .  
The t h i r d  r e p o r t ,  Del iver in? and Metering Minute Q u a n t i t i e s  of a Liquid,  
w a s  prepared when i t  was r e a l i z e d  t h a t  s m a l l  volumes of reagents  on t h e  order  
of m i c r o l i t e r s  o r  less could be involved i n  t h e  processes  of an  automated 
wet chemistry labora tory .  
The f o u r t h  and f i f t h  r e p o r t s ,  Miniaiure  2 .C .  Szlerzaidsj  and Evalua t ion  
of t he  Hercules BA 31 K7 Motor, were pa r t  of an  i n v e s t i g a t i o n  i n t o  t h e  
types  of mechanical a c t u a t o r s  s u i t a b l e  f o r  use i n  a n  a p p l i c a t i o n  p lac ing  a 
premium on iow weight and high  e~ le rgy  d e n s i t y .  
The s i x t h  r e p o r t ,  F e a s i b i l i t y  of a Spur Gear T r a i n  for 'operat ing a 
Rotary Valve, was a s tudy of the  problems encountered i n  d r i v i n g  a high-  
f r i c t i o n ,  s l i d i n g  d i s c  va lve  of the  type used i n  gas  chromatography o r  i n  
c o n t r o l l i n g  complex, mult i -path flows a s  encountered i n  automated w e t  
chemistry s y s  t e m s  
b 
t' The seventh report, Analysis of a Multivator Module, was an investi- 
gation into the dynamic characteristics of a pneumatically-actuated version 
of the Multivator in order to determine the effects of pressure levels and 
geometry on its performance. The information acquired will support the 
development of similar devices where optimization could result in lower 
energy requirements and increased reliability. 
L 
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Department of Mechanical Engineering 
I .  In t roduc t ion  
A s o i l  sample i s  the  p r i m a r y  input  t o  most of t he  l i f e  d e t e c t i o n  
instruments  proposed t o  d a t e  s ince  it i s  be l ieved  t h a t  i f  l i f e  e x i s t s  on 
Mars, the  most common and e a s i l y  acquired organisms w i l l  be so i l -dwe l l ing  
microbes.  
I n  gene ra l ,  t he  des ign  of a Mart ian s o i l  sampler i s  d i c t a t e d  by the  
q u a n t i t y  of sample requi red  and the t e r r a i n  from which the  sample i s  taken.  
Some l i f e - d e t e c t i o n  t e s t s ,  such a s  those based on enzyme a c t i v i t y  or  b a c t e r i a  
growth r e q u i r e  only a few m i l l i g r a m s  of sample.  
r e q u i r e  s e v e r a l  grams of sample, p a r t i c u l a r l y  when sample enrichment tech-  
niques a r e  t o  be used t o  increase  s e n s i t i v i t y .  Samples may be taken from 
t e r r a i n  ranging from sandy s t r e t c h e s ,  pebble-strewn d e s e r t  pavements, t o  
rocky mountain s lopes .  
Other experiments may 
Since microbes a r e  small  and have lower d e n s i t y  than  most rock,  i t  is  
l i k e l y  t h a t  a sample c o l l e c t i o n  system w i l l  be requi red  t o  a s s o r t  p a r t i c l e s  
according t o  s-iee and d e n s i t y  in  o rde r  t o  reduce t h e  amount of i n e r t  m a t e r i a l  
i n  t h e  sample. 
The preceding d i scuss ion  i d e n t i f i e s  the  reason f o r  s o i l  sampling and 
some of t he  a s soc ia t ed  problem a r e a s .  What fol lows i s  an  e l a b o r a t i o n  on 
t h e  na tu re  of the  sampling problem and some poss ib l e  s o l u t i o n s .  
11. The Martian Environment and Poss ib le  L i f e  Forms 
The design of a sample c o l l e c t i n g  system f o r  a Martian l i f e  d e t e c t i o n  
instrument  must t&e kits accnunt such f a c t o r s  as c l ima te ,  t e r r a i n ,  probable 
l i f e  forms and t h e i r  d i s t r i b u t i o n .  
The temperatures  on Mars range from -75°C a t  n igh t  t o  22°C a t  noon. 
The z t m s p h e r e  i s  q u i t e  r a r i f i e d  wi th  a pressure  a t  t h e  su r face  somewhere 
i n  the  range of 10 t o  100 m i l l i b a r s .  The predominant c o n s t i t u e n t  of t he  
atmosphere i s  n i t rogen ,  about 94%, w i t h  0 <0.1%, and H WO.l%. Due t o  the  2 2 
low atmosphere p re s su re ,  water u sua l ly  e x i s t s  e i t h e r  as i c e  o r  vapor,  a l -  
though a t  10 mb pressure  and 8°C water can e x i s t  as a l i q u i d .  
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Most of the  p l a n e t ' s  sur face  appears  t o  be covered wi th  b r i g h t  reddish 
o r  orange a reas  usua l ly  r e f e r r e d  t o  as d e s e r t s  o r  c o n t i n e n t s .  These a reas  
a r e  probably covered wi th  d u s t  depos i t s  formed from rock  resembling the  
Ear th  minerals ,  l imoni te  and f e l s i t e .  Dark a reas  a r e  seen  as a p a t t e r n  of 
maria, cana ls ,  and oases ,  There a r e  changes i n  the  o u t l i n e  and i n t e n s i t y  
of t he  dark  reg ions  randomly and seasonal ly  which may be caused by the  
presence of l i v i n g  organisms. However, t he  dark a r e a s  may a l s o  be the  r e -  
s u l t  of winds s t r i p p i n g  away dus t  d e p o s i t s  and r evea l ing  dark  rock s u r f a c e s ,  
The dominant e ros ive  agent is probably wind a c t i o n  al though i c e  wedging 
i n  the  po la r  reg ions  and f a t i g u e  due t o  the  extreme d a i l y  temperature 
v a r i a t i o n s  may be of some account.  Wind v e l o c i t i e s  a r e  es t imated t o  range 
from 5 t o  35 mph as based on observa t ions  of yellow d u s t  cloud movements. 
The d e s e r t  a r eas  might cons i s t  of f l a t  p l a i n s  covered wi th  a mosaic 
of pebbles and l a rge  rocks wi th  f i n e  p a r t i c l e s  e i t h e r  swept away by the  
wind o r  ly ing  beneath a su r face  of l a r g e r  rock p a r t i c l e s .  
B i o l o g i s t s  p re sen t ly  be l ieve  t h a t  i f  l i f e  e x i s t s  on Mars i t  w i l l  most 
l i k e l y  be u n i - c e l l u l a r  i n  i t s  more common forms. Organisms w i l l  probably 
e x i s t  near  the  su r face  where there  i s  an opportuni ty  t o  capture  water when 
i t  i s  deposi ted as f r o s t  o r  condensation. L i f e  forms w i l l  have t o  be rugged 
t o  withstand wind abras ion ,  u l t r a - v i o l e t  r a d i a t i o n ,  dune b u r i a l ,  and g r e a t  
temperature  extremes. The organisms w i l l  probably be found adhering t o  
rock p a r t i c l e s .  I f  Mars and Earth organisms a r e  analogous,  t he  Martian 
organisms w i l l  probably have s p e c i f i c  d e n s i t i e s  of 1 .2  a s  compared t o  1 - 4  
f o r  rock and w i l l  range i n  s i z e  from 1 t o  20 microns i n  diameters2 Bac te r i a  
counts  of Ear th iy  s v i i  saiiiplza i zd i ca t e  t h a t  the number of b a c t e r i a  i n  a 
sample are d i r e c t l y  propor t iona l  t o  the  t o t a l  p a r t i c l e  su r face  a rea  per 
gram; consequently,  samples containing small p a r t i c l e  s i z e s  (e.g.<100 microns 
d i a m e t e r )  vi11 probably y i e l d  the most organisms f o r  a n a l y s i s .  
Due t o  the  s c a r c i t y  of water i n  l i q u i d  form, muddy samples a r e  not  
expected.  However, the s o i l  may be compacted and f r o z e n i n t o  a s o l i d  due 
t o  the  presence of moisture .  
The low environmental  temperature and pressure  imply t h a t  s p e c i a l  
p recaut ions  w i l l  have t o  be taken t o  prevent  f r eez ing  o r  evaporat ion of 
any l i q u i d s  used i n  the sampling device .  The same cons ide ra t ions  can a l s o  
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be used t o  advantage i f  necessary.  
be accomplished i n  a water suspension wi th  subsequent removal of t h e  water 
by evaporat ion.  
For example, p a r t i c l e  f r a c t i o n a t i o n  can  
111. P a r t i c l e  Co l l ec t ion ,  Transport ,  and F r a c t i o n a t i o n  
A .  P a r t i c l e  c o l l e c t o r s  can ope ra t e  on the  b a s i s  of adhesion,  a i r  
movement, o r  mechanical motion. For example, adhesive su r faces  pro- 
duced by s t i c k y  coa t ings  or  e l e c t r o s t a t i c  charges  have been developed. 
Vacuum c l e a n e r s ,  and r o t a t i n g  brushes t h a t  sweep the  p a r t i c l e s  i n t o  
a scoop a r e  o the r  poss ib l e  means f o r  c o l l e c t i n g  p a r t i c l e s .  15 
A minia ture  vacuum c leane r ,  devised a t  t h e  General M i l l s  Corporat ion,  
is intended t o  be c a r r i e d  over t he  Mart ian su r face  on i n f l a t e d  ba l loon  
t i r e s  a t  d i s t a n c e s  up t o  10 f e e t  from t h e  main instrument package. 
Dust p a r t i c l e s  picked up a t  t he  in t ake  a r e  pneumatically propel led  
through a hose i n t o  the  main instrument  package where they a r e  c o l -  
l e c t e d .  A motor-driven blower provides the requi red  vacuum. The 
device  can p ick  up 0.2 grams per  minute of p a r t i c l e s  ranging i n  s i z e  
up t o  100 microns i n  diameter wi th  a power consumption of 5 watts. 
The wheels and connect ing hose are c o l l a p s i b l e  i n  order  t o  minimize 
the  s to rage  volume. 
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The G u l l i v e r  l i f e  de t ec t ion  instrument makes use of c h e n i l l e  
s t r i n g s ,  o r  g rease  coated s t r i n g s ,  which p ick  up p a r t i c l e s  as t h e  
s t r i n g s  are dragged over the ground.16 
conta in ing  a spool  of s t r i n g  i s  f i r e d  away from the  instrument whi le  
one end of the s t r i n g  remains fas tened  t o  a motor-driven drum i n  the  
instrument .  After zhe prs jec t i l e  lands:  t h e  s t r i n g s  a r e  r e e l e d  i n .  
The s t r i n g  c o l l e c t o r  works w e l l  s i nce  i t  does not  have t o  be o r i en ted  
i n  any p a r t i c u l a r  pos i t i on  on the  su r face  i n  o rde r  t o  ope ra t e  proper ly ,  
aiid, being light weight,  it moves e a s i l y  over obs t ruc t ions .  
I n  ope ra t ion ,  a p r o j e c t i l e  
A p a r t i c l e  c o l l e c t i o n  system designed a t  JPL c o n s i s t s  of an 
e l e c t r o s t a t i c a l l y  charged p l a s t i c  s t r i p  which a t t r a c t s  p a r t i c l e s  as i t  
i s  dragged over the  surface.15 The p l a s t i c  s t r i p  i s  a c t u a l l y  a f l a t -  
tened tube  which i s  i n i t i a l l y  wrapped on a drum. The tube i s  i n f l a t e d ,  
causing i t  t o  shoot  across  t h e  ground i n  the  manner of a pa r ty  f avor .  
As t he  charged s t r i p  i s  r ee l ed  i n  by means of a motor, t he  p a r t i c l e s  
are scraped i n t o  a trough. 
I .  
n 
A d u s t  c o l l e c t o r  used with the  f i e l d - t e s t  v e r s i o n  of t he  Mul t iva tor ,  
c o n s i s t s  of an  inver ted  funnel  wi th  a i r  j e t s  a t  t h e  base and a pneumatic 
a s p i r a t o r  a t  t he  top.  I n  opera t ion ,  t h e  a i r  j e t s  c r e a t e  an ae roso l  
which causes  l a rge  p a r t i c l e s  t o  swirl around t h e  base  cont inuously 
whi le  f i n e r  p a r t i c l e s  r i s e  t o  the  top  where the  a s p i r a t o r  propels  them 
pneumatically i n t o  the  instrument proper .  
* 
An experimental  d u s t  c o l l e c t o r  designed a t  L i t t o n  I n d u s t r i e s  i s  
simply a shallow open box with a brush on one edge, a i r  j e t s  i n s i d e  the  
box, and a tube connecting the c o l l e c t i n g  head t o  t h e  instrument  proper .  
I n  opera t ion ,  t he  open s i d e  of t he  box i s  placed on the  ground and drag-  
ged over t he  su r face .  The brush scours  p a r t i c l e s  from the  su r face  while  
t he  a i r  j e t s  cause the  p a r t i c l e s  t o  form a cloud which i s  then  picked 
up by a pneumatic a s p i r a t o r .  
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A simple means f o r  c o l l e c t i n g  p a r t i c l e s  might c o n s i s t  of a mat l a i d  
on the  ground and pe r iod ica l ly  r o l l e d  i n  t o  c o l l e c t  wind-borne p a r t i c l e s  
which may have s e t t l e d  on i t .  
a l s o  be used t o  capture  wind-borne p a r t i c l e s .  
A funnel  mounted on a weather-vane might 
B .  Par t ic le  Transport  
Once the  p a r t i c l e s  have been c o l l e c t e d ,  they can be t ranspor ted  t o  
the  processing c e n t e r s  by d i r e c t  mechanical motion, e . g . ,  a conveyor 
b e l t ,  o r  i n  the  form of an  ae roso l .  The t r a n s p o r t  of p a r t i c l e s  i n  t h e  
form of an  a e r o s o l  r equ i r e s  v e l o c i t i e s  high enough t o  prevent  p a r t i c l e s  
from s e t t l i n g  out  i n  the  t r anspor t ing  tube.  Since a i r  flow i s  d i r e c t l y  
r e l a t e d  t o  e l e c t r i c a l  power consumption when a blower  I s  m e d ,  o r  t o  
the  s i z e  of a compressed a i r  s to rage  v e s s e l ,  i t  i s  worthwhile opt imizing 
the  a i r  f low requi red  f o r  t r anspor t ing  p a r t i c l e s  i n  a g iven  s i z e  range. 
T h e o r e t i c a i i y ,  the  c r i t i c a l  vel ,nci ty  €or  conveying a p a r t i c l e  up- 
wards i n  a i r  i s  s l i g h t l y  greater than  i t s  te rmina l  v e l o c i t y  while  f a l l i n g  
i n  a i r .  Consequently, i f  t he  te rmina l  v e l o c i t y  of t h e  l a r g e s t  p a r t i c l e  
t o  be t r anspor t ed  i s  ca l cu la t ed ,  t h i s  w i l l  form a b a s i s  f o r  es t imat ing  
a i r  flow requirements .  
p a r t i c l e  i n  the  Martian atmosphere can be c a l c u l a t e d  using S toke ' s  
equat ion:  
The te rmina l  v e l o c i t y  of a f a l l i n g  s p h e r i c a l  
* 
See Figure  1. 
A e r o s o l  
- A i r  O u t l e t  1 
Figure 1: S o i l  S a m p l e  C o l l e c t o r  
I n l e t  
e -  * .  
. 
, I  
C 
* 
g = a c c e l e r a t i o n  of g r a v i t y  
p = d e n s i t y  of p a r t i c l e  
p ' =  dens i ty  of a i r  
7 = v i s c o s i t y  of f l u i d  
r = r ad ius  of p a r t i c l e  
v = t e rmina l  v e l o c i t y  
If p'<<p, then  equat ion (1 )  reduces t o  
A sample c a l c u l a t i o n  w i l l  i n d i c a t e  the  v e l o c i t y  requi red  t o  
t r a n s p o r t  100 micron diameter p a r t i c l e s  on Mars. 
2 g = 370 cm/sec 
p = 1.5 gm/cm 3 
p'= n e g l i g i b l e  
7 = 1.4 x 10- -E- cm.sec (88.5 mb, -75'C) 
r = 50 x 
v =  ( 2 ) ( 3 7 0 ) ( 5 0 ~ 1 0 ' ~ ) ~ ( 1 . 5 )  = 2 2  - cm 
9x1 .4x10e4 s e c .  
f t  v = 43.4 - min . 
Considera t ion  of S toke ' s  equat ion  shows t h a t  t h e  t ranspor ted  
p a r t i c l e  diameter i s  propor t iona l  t o 6 ' a n d  the re fo re  not a s e n s i -  
t i v e  func t ion  of t h e  a i r  v e l o c i t y .  Consequently, t o  a s su re  maximum 
p a r t i c l e  t r a n s p o r t ,  t h e  v e l o c i t y  should be markedly increased over 
t he  minimum requ i r ed .  
i n d u s t r i a l  app l i ca t ions  t y p i c a l l y  use v e l o c i t i e s  s e v e r a l  t imes the  
te rmina l  v e l o c i t y  of the  l a r g e s t  p a r t i c l e .  
Pneumatic p a r t i c l e  conveying systems i n  
I - -  . .  
A second cons ide ra t ion  f o r  t h e  r equ i r ed  a i r  v e l o c i t y  i s  based 
on t h e  boundary l aye r  th ickness  i n  h o r i z o n t a l  conveying tubes .  A 
problem wi th  h o r i z o n t a l  tubes i s  t h a t  p a r t i c l e s  can s e t t l e  o u t  of 
t he  a i r  s t ream i n t o  t h e  s tagnant  boundary l a y e r .  High Reynolds 
Numbers corresponding t o  h igh  flow v e l o c i t y  would probably mini- 
mize t h e  problem of s e t t l i n g  dur ing  t r a n s p o r t .  
C .  Separa t ion  of P a r t i c l e s  from t h e  A i r  Stream 
Assuming t h a t  t h e  d u s t  p a r t i c l e s  are  pneumatically conveyed 
from the  c o l l e c t i o n  head t o  the  instrument proper,  i t  i s  necessary  
t o  sepa ra t e  t h e  p a r t i c l e s  from t h e  a i r  stream. Separa t ion  can be 
achieved by s e v e r a l  means l i s t e d  a s  fo l lows:  
1. F i l t r a t i o n  
2 .  Cyclone s e p a r a t i o n  
3 .  S e t t l i n g  
4 .  E l e c t r o s t a t i c  p r e c i p i t a t i o n  
5. Thermal p r e c i p i t a t i o n  
6. Impingement 
7 .  C e n t r i f u g a l  s e p a r a t i o n  
1. F i l t r a t i o n  
I n  us ing  f i l t r a t i o n ,  s u f f i c i e n t  f i l t e r  a r e a  must be used t o  
a s su re  low flow r e s i s t a n c e  as the  p a r t i c l e s  accumulate on the  
f i l t e r  su r f ace .  The fo l lowing  c a l c u l a t i o n  w i l l  g ive  an i n d i -  
c a t i o n  of t h e  a rea  r equ i r ed  t o  main ta in  low flow r e s i s t a n c e ,  
and, consequently,  pumping power. 
The pumping pci;er i s  given by the  following equat ion:  
( 2 )  
P = QAp 
Q = volumetric flow r a t e  
Ap= pressure drop ac ross  f i l t e r  
The p res su re  drop is a f u n c t i o n  of t h e  f i l t e r  flow resistance,  
flow r a t e ,  and f i l t e r  area, 
The pumping power i s  found by combining equat ion  ( 2 )  and 
( 3 )  9 
2 .  
We s h a l l  assume t h a t  Mi l l i po re  f i l t e r  paper i s  used wi th  an 
8 micron pore s i z e .  This  type of f i l t e r  paper has  unusual ly  low 
flow r e s i s t a n c e  f o r  r e t a in ing  p a r t i c l e s  of a g iven  s i z e .  Accord- 
ing t o  t h e  ca l cu la t ions  i n  the  preceding s e c t i o n  bn p a r t i c l e  
t r a n s p o r t ,  a flow ve loc i ty  of 80 f t / s e c  i n  a tube 3/16 diameter 
should t r a n s p o r t  p a r t i c l e s  below 100 microns. This  corresponds 
t o  a flow r a t e  of 0.015 f t 3 / s e c .  
3 f i l t e r  paper i s  64.6 lb s e c / f t  a t  88 m i l l i b a r s  pressure .  
Assuming t h a t  the pumping power s h a l l  be l imi t ed  t o  one w a t t  
i n i t i a l l y ,  the  f i l t e r  a r ea  requi red  i s ,  
1 7  
The flow r e s i s t a n c e  of Mi l l i po re  
-92R 
P A -  
Q = 0.015 f t  / sec  
R = 64.6 l b . s e c / f t  
3 
3 
P = 1 w a t t  = 0.738 f t . l b / s e c  
(0.015) 2(64. 6) 
(0.738) A =  
A = 1 . 9 7 ~ 1 0  - 2  f t  2 (roughly equiva len t  t o  a 1 inch diameter 
d i s c )  
Cyclone Separa t ion  
Cyclone separa tors  of the  type shown i n  F igure  2 u t i l i z e  
c e n t r i f u g a l  fo rce  to  sepa ra t e  p a r t i c l e s  from the  a i r  s t ream. 
-I-- L1l w p G A u b - - - - ,  ....a%-stin" dus t - laden  a i r  e n t e r s  the  c y l i n d r i c a l  s e c t i o n  
of t h e  sepa ra to r  t a n g e n t i a l l y  and a t  high v e l o c i t y .  A vo r t ex  
i s  formed i n  which p a r t i c l e s  are propel led a g a i n s t  the  wal l s  
and f a l l  t o  the lower end of the  cone while  c l ean  a i r  t r a v e l s  
up and out  the  top. 
Air Out t 
I Dust out 
air i n  
Figure 2: Cyclone Separator 
i (9) 
i 
The c e n t r i f u g a l  s e t t l i n g  v e l o c i t y ,  which i s  the  r a d i a l  v e l o c i t y  
of a dus t  p a r t i c l e ,  i s  expressed by the  fol lowing equat ion:  
2 
g (P - Po> v,2 - v = -  ( 5  I 
C K CL R 
This  equat ion  i s  a modi f ica t ion  of S toke ' s  equat ion  g iven  
11 i n  t h e  same reference  as,  
v = t a n g e n t i a l  v e l o c i t y  of i n l e t  a i r  
v = t e rmina l  v e l o c i t y  of p a r t i c l e  
v = c e n t r i f u g a l  s e t t l i n g  v e l o c i t y  
d = p a r t i c l e  diameter 
g = a c c e l e r a t i o n  due t o  g r a v i t y  
K = 3II f o r  spheres 
p = d e n s i t y  of p a r t i c l e  





c11 = cons tan t  where a d = volume of p a r t i c l e  
p = v i s c o s i t y  of f l u i d  
R = r a d i u s  of c i r c u l a r  path of p a r t i c l e  
V V 
A comparison of equat ions (5) and (6)  shows t h a t  
2 
C Rg 
t v = v x -  
( 7) V 
V' 
Rg 
The f a c t o r  - i s  c a l l e d  t h e  sepa ra t ion  f a c t o r ,  and i s  a 
measure of t h e  increase  i n  separation r e s c l t i n g  from using 
c e n t r i f u g a l  ac t ion  t o  augment g r a v i t a t i o n a l  ac t ion .  
A sample c a l c u l a t i o n  w i l l  i l l u s t r a t e  t he  u t i l i t y  of t he  
cyclone separa tor .  
i s  30 f t / s e c .  and t h e  r ad ius  of t he  sepa ra to r  i s  2 inches ,  
Assume t h a t  the  t a n g e n t i a l  i n l e t  v e l o c i t y  
. *  - .  
The va lue  
2 
Rg 
- -  - t 
V 
The cyc 
2 of g on Mars i s  about 1 2  f t / s e c  . 
one separa tor  could thus  cause p a r t i c l e s  t o  s e t t  le 
out  of the  a i r  i n  11450th of t he  t i m e  i t  would take  f o r  them 
t o  s e t t l e  out  of s t i l l  a i r .  
I 
3 .  S e t t l i n g  Chamber 
S e t t l i n g  chambers depend e n t i r e l y  on g r a v i t a t i o n a l  f o r c e s  
f o r  t h e i r  operat ion and consequently a r e  not  e f f i c i e n t  f o r  
s epa ra t ing  small  p a r t i c l e s  which s e t t l e  very slowly. The 
s e t t l i n g  chamber must be l a r g e  enough so t h a t  the  i n l e t  a i r  
v e l o c i t y  i s  quickly d i s s i p a t e d  t o  a n e g l i g i b l y  low va lue .  
4. E l e c t r o s t a t i c  P r e c i p i t a t i o n  
E l e c t r o s t a t i c  p r e c i p i t a t i o n  i s  known t o  be p a r t i c u l a r l y  
e f f e c t i v e  i n  c o l l e c t i n g  f i n e  dus t  p a r t i c l e s  down t o  sub-micron 
s i z e .  6y11 Col lec tors  of t h i s  type make use of a corona d i s -  
charge t o  induce a charge on t h e  p a r t i c l e s  t o  be c o l l e c t e d ,  
The charged p a r t i c l e s  a r e  then a t t r a c t e d  t o  a sur face  wi th  an  
opposing charge.  A p r a c t i c a l  e l ec t rode  conf igu ra t ion  c o n s i s t s  
of a c y l i n d e r ,  the anode, wi th  a concen t r i c  wire  cathode.  The 
d u s t  i s  blown through the  tube and impinges on a charged metal  
p l a t e  where the particles adhere.  P o t e n t i a l s  used i n  e l e c t r o -  
s t a t i c  c o l l e c t o r s  may range from 5 t o  100 KV. The c o l l e c t i o n  
e f f i c i e n c y  when working wi th  d ry ,  non-conductive d u s t s  can be 
improved hy moistening t h e  p a r t i c l e s  wi th  water vapor.  
5 .  Thermal P r e c i p i t a t i o n  
d u s t  p a r t i c l e s . 6  This  technique i s  based on the  f a c t  t h a t  the  
a i r  molecules near a heated s u r f a c e  have a p re fe r r ed  d i r e c t i o n  
of motion away from the  su r face .  Consequently, i f  a i r  conta in-  
ing  d u s t  p a r t i c l e s  i s  passed between two s u r f a c e s ,  one heated 
Thermal p r e c i p i t a t i o n  has  been used as a means f o r  c o l l e c t i n g  
. 
and the  o the r  cool ,  t h e  a i r  molecules w i l l  tend t o  be r e -  
pe l l ed  from the hot su r f ace  toward t h e  cold su r face  and i n  
so moving w i l l  impact the  d u s t  p a r t i c l e s  a g a i n s t  t he  cold 
su r face .  
Thermal p r e c i p i t a t o r s  are  considered t o  be e f f i c i e n t ,  
p a r t i c u l a r l y  f o r  c o l l e c t i n g  p a r t i c l e s  i n  t h e  sub-micron s i z e  
range.  They have the  disadvantage of being r e l a t i v e l y  slow, 
a l though thermal p r e c i p i t a t o r s  have been made which can 
handle one l i t e r  of a i r  per minute. 
An equat ion  has been developed r e l a t i n g  the  thermal f o r c e  
6 
on a s p h e r i c a l  p a r t i c l e  reproduced as fol lows:  
ka 3 . 2  
(8 1 
2ka + ki pT Ft = -9nr 
Ft = thermally produced fo rce  
r = r a d i u s  of s p h e r i c a l  p a r t i c l e ,  cm. 
k = thermal conduct iv i ty  of t he  gas ,  cal/cm sec  OK a 
ki 
7 = v i s c o s i t y ,  po ises  
p = dens i ty  of a i r ,  g/cm 
T = absolute  temperature ,  OK 
G = temperature g r a d i e n t ,  OK/cm 
= thermal conduct iv i ty  of s p h e r i c a l  p a r t i c l e ,  cal/cm s e c  O K  
3 
6 .  Impactors and Impingers 
The opera t ion  of impactors and i i i ipkgers i s  hased on the  
f a c t  t h a t  i f  a i r  conta in ing  a p a r t i c l e  suspension i s  passed 
through a nozzle and t h e  r e s u l t i n g  j e t  i s  d i r e c t e d  a t  a s u r -  
f a c e ,  t h e  d i i e c t i o r ;  cf a i r  flow changes ab rup t ly  a t  t h e  s u r -  
f a c e .  P a r t i c l e s  i n  t h e  a i r  s t ream, however, cont inue toward 
the  su r face  due t o  t h e i r  momentum and w i l l  c l i n g  t o  t h e  s u r -  
f a c e  i f  the  sur face  i s  s t i c k y  o r  w e t  o r  a s  a r e s u l t  of i n t e r -  
molecular forces  i n  t h e  case  of very  small  p a r t i c l e s .  
Separa tors  of t h i s  type have c h a r a c t e r i s t i c a l l y  high c o l l e c t i o n  
e f f i c i e n c i e s ,  approaching 100% f o r  p a r t i c l e s  down t o  0 .6  microns, 
7. 
6 and c o l l e c t  p a r t i c l e s  i n  a sha rp ly  def ined  s i z e  range ~ It 
i s  poss ib l e  t o  cons t ruc t  an impinger type d u s t  c o l l e c t o r  
wi th  s e v e r a l  s t ages  of nozz les  i n  s e r i e s ,  each success ive ly  
smal le r  i n  diameter.  The r e s u l t  i s  a c o l l e c t o r  which sepa r -  
a tes  t h e  incoming d u s t  p a r t i c l e s  i n t o  s i z e  f r a c t i o n s .  
C e n t r i f u g a l  Separa t ion  
C e n t r i f u g a l  d u s t  s e p a r a t o r s  resemble impactors i n  p r i n c i p l e .  
A c e n t r i f u g a l  blower augments the  v e l o c i t y  of t h e  incoming a i r  
stream and propels t h e  a i r  and d u s t  p a r t i c l e s  i n  an  outward, 
r a d i a l  d i r e c t i o n  toward a c o l l e c t i o n  chamber a s  shown i n  
F igure  3 .  The a i r  pa th  curves sha rp ly  immediately i n  f r o n t  
of t h e  c o l l e c t i o n  chamber so t h a t  d u s t  p a r t i c l e s  cont inue  
along a r a d i a l  path i n t o  t h e  chamber whi le  t h e  a i r  completes 
t h e  curve and i s  exhausted.  There i s  no a i r  flow through t h e  
c o l l e c t i o n  chamber. A c e n t r i f u g a l  d u s t  c o l l e c t o r  was suc- 
c e s s f u l l y  used on one v e r s i o n  of t h e  Mul t iva to r .  
I n  i n d u s t r i a l  a p p l i c a t i o n s  the  e f f i c i e n c y  of t h i s  type  of 
c o l l e c t o r  is  sometimes improved by r e c i r c u l a t i n g  through 
t h e  blower some of t he  a i r  from t h e  d u s t  c o l l e c t i o n  chamber 
and by adding a water spray t o  t h e  incoming a i r  so t h a t  t h e  
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d u s t  i s  handled a s  a s ludge .  
D.  P a r t i c l e  F rac t iona t ion  According t o  S i z e  o r  Density 
Microbes on Ea r th  a r e  t y p i c a l l y  of 8 size ranging from 1 t o  20 
microns i n  diameter wi th  a s p e c i f i c  d e n s i t y  of 1 . 2  as compared t o  1.4 
f o r  t y p i c a l  r o c k s O 2  f a l l  i n  a s i m i l a r  
s i z e  range and 'nave a c h a r s c t e r i s t i c  d e n s i t y ,  then  w e  have a means f o r  
d i f f e r e n t i a t i n g  the  b a c t e r i a  from t h e  i n e r t  surrounding m a t e r i a l .  
Assuming t h a t  Martian b a c t e r i a  
The s e p a r a t i o n  of i n e r t  s o i l  p a r t i c l e s  from b a c t e r i a  according t o  
d e n s i t y  can be achieved using f l o t a t i o n  methods. To i l l u s t r a t e ,  t h e  
sample i s  placed on t h e  su r face  of a s o l u t i o n  having a d e n s i t y  l e s s  
than  t h a t  of the  i n e r t ,  rocky material bu t  g r e a t e r  than  t h a t  of t he  










t o  t he  bottom of the  s o l u t i o n  whi le  t he  b a c t e r i a  remain f l o a t i n g  on 
the  su r face  where they can be decanted,  
A v a r i a t i o n  of t he  f l o t a t i o n  technique known as dens i ty  g rad ien t  
c e n t r i f u g a t i o n  can sepa ra t e  a sample i n t o  d e n s i t y  f r a c t i o n s .  I n  t h i s  
method a c e n t r i f u g e  i s  f i l l e d  wi th  a s o l u t i o n  of varying dens i ty  where 
the  dens i ty  i s  g r e a t e s t  a t  the outermost r ad ius  and decreases  toward 
t h e  c e n t e r  of r o t a t i o n .  A suspension of t he  s o i l  sample i s  layered 
on t h e  su r face  of t he  dens i ty  g r a d i e n t  s o l u t i o n  and then cen t r i fuged .  
Af t e r  some time, a l l  p a r t i c l e s  reach an equ i l ib r ium p o s i t i o n  where 
t h e  p a r t i c l e  d e n s i t y  i s  equal t o  the  d e n s i t y  of t he  surrounding f l u i d .  
A disadvantage of f l o t a t i o n  techniques i s  t h a t  a l a rge  propor t ibn  
of the b a c t e r i a  may adhere t o  the  i n e r t  p a r t i c l e s  and would t h e r e f o r e  
be removed along wi th  these p a r t i c l e s .  Attempts have been made t o  r e -  
move b a c t e r i a  from s o i l  p a r t i c l e s  by s o n i f i c a t i o n  and t h e  a d d i t i o n  of 
chemicals or  de t e rgen t s  t o  a suspension which have the  e f f e c t  of r e -  
l ea s ing  the  b a c t e r i a .  
P a r t i c l e  s i z e  f r a c t i o n a t i o n  can be achieved by s e v e r a l  means, the  
most p r a c t i c a l  being; s iev ing ,  sedimentat ion,  e l u t r i a t i o n ,  and mul t i -  
s t a g e  impaction, Mult i -s tage impaction was mentioned i n  the  preceding 
s e c t i o n  desc r ib ing  c o l l e c t i n g  techniques.  The o the r  s i z e  f r a c t i o n a t i n g  
methods w i l l  be covered i n  the  next s e c t i o n  which desc r ibes  labora tory  
measurements of p a r t i c l e  s i z e .  
IV, P a r t i c l e  S ize  Determination i n  the  Laboratory 
A .  I n t roduc t ion  
The development of s o i l  sampling systems f o r  Martian l i f e  d e t e c t i o n  
ins t rumenta t ion  r e q u i r e s  a good knowledge of the  var ious  techniques 
used i n  p a r t i c l e  s i z e  a n a l y s i s .  Some or' <lie mor2 a.;.;licahle techniques 
w i l l  be descr ibed i n  t h e  fol lowing secFions,  i n  a d d i t i o n  t o  a d i s c u s s i o n  
of the  va r ious  c r i t e r i a  used t o  d e f i n e  p a r t i c l e  s i z e .  
P a r t i c l e s  a r e  usua l ly  i r r e g u l a r  i n  shape and r a r e l y  sphe r i ca l ,  
however, c e r t a i n  parameters can be decided upon a s  a d e f i n i t i o n  of 
p a r t i c l e  s i z e ,  For example, t he  diameter of a p a r t i c l e  can be def ined  
r .  * C  
r 
a s  the  a r i t h m e t i c  mean of the l eng th ,  b readth ,  and th ickness  of the  
p a r t i c l e .  Assuming t h e  p a r t i c l e  i s  r e s t i n g  on a h o r i z o n t a l  plane i n  
the  p o s i t i o n  of g r e a t e s t  s t a b i l i t y ,  the  breadth  i s  def ined  a s  the  d i s -  
tance between two p a r a l l e l  l i n e s  tangent  t o  the  p r o j e c t i o n  of the  
par t ic le  on t h e  plane and placed so  t h a t  the  d i s t a n c e  between them 
i s  as small as poss ib l e .  The length  i s  the  d i s t a n c e  between two 
p a r a l l e l  l i n e s  tangent  t o  the p ro jec t ion  and perpendicular  t o  the  l i n e s  
de f in ing  breadth.  The thickness  i s  def ined as the  d i s t a n c e  between 
two h o r i z o n t a l  planes tangent t o  the  top and bottom s u r f a c e s  of t he  
6 p a r t i c l e .  Severa l  o the r  d e f i n i t i o n s  of p a r t i c l e  diameter a r e  the  
f o 1 lowing : 
(1) The diameter of a p a r t i c l e  i s  equal  t o  the  diampter of a 
c i r c l e  having t h e  same a r e a  a s  the p ro jec t ed  area of the  
p a r t i c l e  when the  p a r t i c l e  i s  i n  i t s  most s t a b l e  poa i t i on .  
( 2 )  P a r t i c l e  diameter can be based on the  f i g u r e  obtained by 
p ro jec t ing  an  image of t he  p a r t i c l e  onto a plane su r face .  
A l i n e  drawn between oppos i te  s i d e s  of t he  p a r t i c l e  and b i -  
s e c t i n g  the  pro jec ted  a rea  i s  def ined  a s  the  p a r t i c l e  diameter .  
(3 )  An easy t o  apply d e f i n i t i o n  of p a r t i c l e  diameter when making 
microscope measurements i s  t h a t  p a r t i c l e  diameter  i s  the  d i s -  
tance between two tangents  t o  the  p a r t i c l e .  
( 4 )  P a r t i c l e  diameter i s  sometimes def ined as the  diameter of a 
s p h e r i c a l  p a r t i c l e  which has  the  same dynamic c h a r a c t e r i s t i c s  
a s  t he  i r r e g u l a r  p a r t i c l e .  The diameter can be ca l cu la t ed  
by observing che La11 of the p r t i c l e s  i n  a f l u i d  and making 
use of S t o k e ' s  Law f o r  s p h e r i c a l  p a r t i c l e s .  S imi l a r ly ,  the 
diameter of a p a r t i c l e  can be based on the  r e s u l t s  of tes ts  
USSllEj -:-- - + - - A s r d i v p d  S L C L L  I - - - _ _ - _  s i e v e s .  
( 5 )  When a n  accu ra t e  d e s c r i p t i o n  of p a r t i c l e  shape i s  important ,  
a microphotograph i s  t h e  bes t  s o l u t i o n .  Such f a c t o r s  as 
f l a k i n e s s ,  c r y s t a l l i n i t y ,  s p h e r i c i t y ,  and co lo r  a r e  e a s i l y  
descr ibed  by a photograph. 
c 
B .  Microscopy 
An o p t i c a l  microscope i s  u se fu l  f o r  p a r t i c l e  s i z e  de te rmina t ions  
i n  the  range of 0.2 t o  100 microns. The lower l i m i t  of r e s o l u t i o n  of 
a microscope using v i s i b l e  l i g h t  i s  0 .2  microns; however, by using 
u l t r a - v i o l e t  l i g h t  and a f luo rescen t  sc reen  o r  photographic f i l m  t o  
render  an  image, measurements can be made down t o  0 . 1  microns. An 
e l e c t r o n  microscope i s  more p r a c t i c a l  than  an  u l t r a - v i o l e t  microscope 
when measuring p a r t i c l e s  0.2 microns o r  l e s s  i n  diameter .  
Measurements can be made wi th  the  microscope by means of an ocu la r  
micrometer which i s  a t ransparent  s c a l e  placed i n  the  f o c a l  plane of 
the ocu la r .  The ocular  micrometer i s  c a l i b r a t e d  by means of a s t age  
micrometer wi th  l i n e a r  r u l i n g s .  
The th ickness  of a p a r t i c l e  can be measured by focusing f i r s t  on 
the top and then  the bottom of the  p a r t i c l e .  The th ickness  of t he  
p a r t i c l e  i s  then  determined by the  amount of r o t a t i o n  of the  f i n e -  
focusing knob which m u s t  be graduated.  C a l i b r a t i o n  of the  f i n e -  
focusing knob graduat ions  is  accomplished us ing  a f i n e  f i b e r  of known 
diameter .  
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An i n d i r e c t  way of measuring p a r t i c l e  s i z e  i s  t o  photograph the  
p a r t i c l e  sample and make measurements on an  enlargement.  A disadvan- 
tage of photomicrography is t h a t  t he  p a r t i c l e s  may not  be i n  as sharp  
focus as when d i r e c t  observat ions a r e  made as a r e s u l t  of the  eye 
being more accommodating than the camera and a l s o  because focus can 
be ad jus ted  during d i r e c t  measurements. 
Micro-project ion apparatus  can a l s o  be used fsr zeasuring p a r t i c l e  
s i z e  and determining s i z e  d i s t r i b u t i o n .  I n  t h i s  technique,  an  in t ense  
l i g h t  source i s  used t o  pro jec t  an image of the p a r t i c l e s  onto a sc reen .  
The s e l e c t i o n  of a saiiiple p r i o r  tn determining p a r t i c l e  s i z e  d i s -  
t r i b u t i o n  by microscopy i s  of c r i t i c a l  importance. I f  t he  p a r t i c l e  
s i z e  range i s  very wide, t he re  may be hundreds of small  p a r t i c l e s  f o r  
each of t he  l a rge  ones.  I n  t h i s  event ,  t he  sample should be d iv ided  
i n t o  s i z e  c l a s s e s ,  each o f  which i s  analyzed s e p a r a t e l y .  
6 
A s l i d e  can be prepared by f i r s t  coa t ing  i t  wi th  an  i n v i s i b l y  
t h i n  l aye r  of vase l ine .  A tube i s  v e r t i c a l l y  pos i t ioned  over  t he  s l i d e  
and a pinch o'f t he  sample i s  dropped i n  t h e  upper end of t he  tube.  The 
p a r t i c l e s  w i l l  then  s e t t l e  i n  a uniformly t h i c k  l a y e r  on the  s l i d e .  
P a r t i c l e S . i n  a l i q u i d  suspension can be convenient ly  counted and 
s i zed  by p l ac ing  the  sample i n  a hemacytometer c e l l .  
can be used as 
c u l a t e  mater ia  
techniques can 
Sed i m e  n t  a t 
p a r t i c l e s  i n  a 
C .  Sedimentat ion 
The sedimentat ion v e l o c i t y  of small  p a r t i c l e s  i n  l i q u i d s  o r  gases  
a b a s i s  f o r  determining the  s i z e  d i s t r i b u t i o n  of p a r t i -  
ranging i n  s i z e  from 2 t o  50 microns.  Sedimentat ion 
a l s o  be used t o  sepa ra t e  the  material i n t o  s i z e  f r a c t i o n s  
on t e s t s  o f t en  s t a r t  wi th  a uniform suspension of 
t a l l  v e s s e l .  A t  success ive  t i m e  i n t e r v a l s ,  the  t o t a l  
amount of m a t e r i a l  remaining i n  suspension above a c e r t a i n  l e v e l  i s  
determined. A l t e r n a t e l y ,  the  t o t a l  amount of ma te r i a l  which has  s e t -  
t l e d  below a c e r t a i n  l e v e l  can  be determined. The r e s u l t s  a r e  p lo t t ed  
as  a weight versus  t i m e  curve.  The problem of c a l c u l a t i n g  the  s i z e  
d i s t r i b u t i o n  from t h i s  curve can be solved as fo l lows ,  
6 
Let  h = the  s e t t l i n g  d i s t a n c e  
W = t o t a l  f r a c t i o n  sedimented a t  t i m e  t 
w = the  f r a c t i o n  cons i s t ing  of p a r t i c l e s  
whose s e t t l i n g  t imes f o r  t he  d i s t a n c e  
h are  equal  t o  o r  less than  t 
t = time a t  which weight W is  determined. 
The equat ion  governing t h e  sedimentat ion process  i s ,  
The d e s i r e d  quan t i ty ,  w ,  can be obtained from the  W v s .  t curve 
by a g raph ica l  a n a l y s i s ,  as  shown i n  Figure 4 .  
The s i z e  of p a r t i c l e s  having a f a l l i n g  t i m e  of a g iven  va lue  can 
be determined using Stoke ' s  equat ion .  The f a l l i n g  v e l o c i t y  v i s  
g iven  by, 
W 
h (10) vw = - 
tw 
Figure 4 :  Intercept Method for determining & and w. dt 
Equation (10) can be r e l a t e d  t o  S toke ' s  equat ion  f o r  s p h e r i c a l  
p a r t i c l e s  , 
2 
2gr "(P - P I )  
(1) v = 
W 97 
(See page f o r  d e f i n i t i o n  of symbols) 
The p a r t i c l e  r ad ius  can  be found by equat ing  (1) and (11) and 
so lv ing  f o r  r 
W' 
9qh (11) r = 
W 2g(tw)(p - p ' )  
The t o t a l  weight f r a c t i o n ,  W ,  can be determined by p lac ing  a 
balance pan a t  t he  bottom of the  column. Single-pan,  s u b s t i t u t i o n  type 
balances are  w e l l  s u i t e d  f o r  t h i s  purpose s i n c e  the  pan o s c i l l a t e s  very  
l i t t l e  dur ing  a weight de te rmina t ion ,  and weight can be determined qu ick ly .  
Another technique f o r  determining s i z e  f r a c t i o n s  involves  p l ac ing  
a l i q u i d  suspension of dus t  p a r t i c l e s  on t h e  su r face  of a c lear  l i q u i d  
column. The concent ra t ion  of p a r t i c l e s  a t  a p a r t i c u l a r  l e v e l  i s  then  
determined a t  r e g u l a r  time i n t e r v a l s  by drawing o f f  a sample wi th  a 
p i p e t t e .  
p a r t i c l e s  are  weighed. 
The sample is placed i n  an  evapora t ing  d i s h  and the  remaining 
An important cons ide ra t ion  i n  conducting sedimentat ion t e s t s  i s  
the  choice of f l u i d .  The f l u i d  should be s u f f i c i e n t l y  v iscous  s o  t h a t  
t he  Reynold's Number i s  l e s s  than  1, which i s  a requirement f o r  S toke ' s  
equat ion  t o  be accu ra t e .  
S t s k e ' s  equat ion  including t h e  Cunningham s l i p  c o r r e c t i o n  f a c t o r  must 
be used. However, t he  f l u i d  should not  be SO viscous  t h a t  t he  t e s t  
w i l l  be excess ive ly  prolonged. Another cons ide ra t ion  i s  t h a t  t h e  f l u i d  
should not  d i s s o l v e  the  p a r t i c l e s  o r  chemical ly  r e a c t  wi th  them. Some 
commonly used f l u i d s  are  water, a l cabo l ,  mixtures  of acetone and 
vegetab le  o i l ,  mixtures  of g l y c e r o l  and water ,  and a i r .  When water 
i s  used as the  suspending medium, s a l t s  o r  we t t ing  agents  may be added 
t o  prevent  clumping o r  coagulat ion of t he  p a r t i c l e s .  Some commonly 
used s a l t s  are  sodium pyrophosphate, calcium ch lo r ide ,  o r  potassium 
c i t r a t e  used i n  0 . 1  mole concen t r a t ions  o r  l ess .  Microscopic examina- 
t i o n  of a drop of suspension w i l l  r e v e a l  whether coagula t ion  i s  occurr iqg .  
For h igher  Reynold's Numbers, a form of  
P a r t i c l e  concen t r a t ions  of about 1% of the  f l u i d  volume are usua l ly  
used t o  a s su re  accu ra t e  r e s u l t s .  
Sedimentation methods depending s o l e l y  on g r a v i t a t i o n a l  f o r c e s  a r e  
l i m i t e d  t o  determining t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  2 microns o r  
l a r g e r  i n  d iameter .  Sedimentation t i m e s  f o r  smal le r  p a r t i c l e s  may be 
excess ive ly  long o r  i n  error due t o  convective c u r r e n t s  and Brownian 
movement e f f e c t s .  Cen t r i fuga t ion  can be used t o  extend the  range of 
sed imenta t ion  t e s t s  down t o  0.05 microns. A modi f i ca t ion  of S toke ' s  
equat ion  r e l a t e s  p a r t i c l e  diameter t o  the  c e n t r i f u g a t i o n  parameters 
6 as follows: 
1 
w = angular v e l o c i t y  of c e n t r i f u g e  
S1= d i s t ance  from c e n t e r  of r o t a t i o n  t o  
S2= d i s t ance  from c e n t e r  of r o t a t i o n  t o  
7 = f l u i d  v i s c o s i t y  
p = p a r t i c l e  d e n s i t y  
p ' =  f l u i d  d e n s i t y  
t = time i n t e r v a l  of c e n t r i f u g a t i o n  
d = p a r t i c l e  diameter 
t h e  
t h e  bottom of c e n t r i f u g e  tube 
~ c r  a given s e t  of experimental cond i t ions ,  equa t ion  (12) 
reduces t o  
cons t an t  d =  c 
D. E l u t r i a t i o n  
E l u t r i a t i o n  methods f o r  s i z e  f r a c t i o n a t i o n  involve pass ing  a 
Depending on t h e  stream of f l u i d  upward through a bed of p a r t i c l e s .  
flow v e l o c i t y ,  p a r t i c l e s  of a g iven  s i z e  w i l l  remain suspended i n  the  
stream whi le  l a r g e r  p a r t i c l e s  s e t t l e  and smaller par t ic les  fo l low the  
flow. 
P 
The elutriating fluid can be a liquid or gas. Particles may be 
removed from the fluid stream by filtration, or if the fluid is a gas, 
by impaction. If the process is carried out in steps using successively 
higher fluid velocities, the sample can be divided into fractions ac- 
cording to particle size. 
Elutriation is the opposite of sedimentation but is also based on 
Stoke’s equation for falling particles and consequently measures the 
same characteristics. The fluid velocity for suspending particles of 
a given size is equal to the terminal velocity for particles of the 
same size falling in the fluid. 
Stoke’s equation. 
This velocity can be calculated using 
E. Sieving 
Sieving methods involve taking the sample and passing it through 
sieves of various standard meshes. The sample is usually dry and is 
caused to flow through the sieve by tapping or vibrating the latter. 
Sieving methods are not ordinarily used for separating particles less 
than 100 microns in diameter since other methods, as described pre- 
viously, are more convenient. Fine-mesh metal screens are available 
with pore sizes down LO a few microns. 
V. Conclusions 
When the need arises to collect and move particles about on Earth, one 
ordinarily resorts to vacuum-cleaner-like devices for fine particles and 
scoops or shovels for iarge pai^t l c l ea .  
the problem of particle collection is similar to that on Earth, and one 
would conclude that pneumatic collection and transport methods would be 
most e f fec t iv s  f o r  fine particles. The vacuum necessary for pneumatic 
particle collection and transport can be produced by either an electrically- 
powered blower or a compressed-air aspirator pump. 
Since an rrtmnsphere exists on Mars, 
Particle size fractionation can most easily be accomplished with a 
multi-stage impactor as described on page 13. 
for size fractionation; however, removal of the particles from the filter 
pores might be difficult. 
Filtration can also be used 
A c e n t r i f u g e  could be used t o  f r a c t i o n a t e  p a r t i c l e s  on t h e  b a s i s  of 
Cent r i fuga t ion  i n  a f l u i d  of uniform d e n s i t y  would be s i z e  and dens i ty .  
used t o  sepa ra t e  p a r t i c l e s  according t o  s i z e .  Fu r the r  s epa ra t ions  ac- 
cord ing  t o  d e n s i t y  could be obtained by means of dens i ty  g rad ien t  c e n t r i -  
fuga t ion .  The r e s u l t i n g  s i z e  and d e n s i t y  f r a c t i o n s  could be i n d i v i d u a l l y  
s tud ied  f o r  evidence of l i f e .  
1 -  
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OPERATION 
The soil sample c o l l e c t o r  was designed t o  p ick  up p a r t i c l e s  of d i r t  
from ti f l a t  su r f ace  and d e l i v e r  them t o  the  Mul t iva tor  i n  the  form of an 
(aerosol. The c o l l e c t o r  uses  compressed a i r  and w i l l  c o l l e c t  only those 
pcrttirbes smal le r  than  100 microns (,004 inches)  i n  diameter when oper-  
a t e d  a t  an appropr i a t e  pressure.  
F igure  1 shows the  device  i n  a cutaway view. 
ie t he  a s p i r a t o r .  
a primary j e t  of h igh  v e l o c i t y  a i r  i n t o  the  l a r g e r  diameter o u t l e t .  
Thus a low pressure  zone is  formed immediately behind the  primary j e t ,  
and a secondary a i r  stream i s  forced through the  s l o t s  a t  t he  base of t he  
asp i ra tor ,  The t h ree  ae roso l i ze r  j e t s  s t i r  the d u s t  p a r t i c l e s  through a 
s p i r a l i n g  path i n t o  the  p l a s t i c  funnel  where they e n t e r  the  secondary 
air stream of the a s p i r a t o r ,  The a i r  i s  suppl ied t o  the  four  j e t s  by a 
c i r c u l a r  pressure  manifold i n  the  aluminum base of the  c o l l e c t o r .  
manifold is connected t o  the  compressed a i r  supply. 
The h e a r t  of the  u n i t  
The small. tube i n  the  cen te r  of the  a s p i r a t o r  shoots  
The 
DESIGN 
From information determined experimental ly ,  the  secondary flow r a t e  
was found t o  be approximately twice the primary flow r a t e  a t  working 
p res su res  i n  t h e  range 10-50 p s i .  
Since i t  was desirable t c  have the c o l l e c t o r  s e l f - con ta ined  and 
independent of t he  ou t s ide  atmosphere, t he  t o t a l  f low r a t e  of the  t h r e e  
a e r o s o l i z e r  j e t s  was set  equal t o  the  secondary flow r a t e  of the  a s p i r a t o r .  
-1 ---ai-- m e  ~ L U ~ ~ ~ ~ ~ ~  there fore  reduced t o  f ind ing  the  c o r r e c t  i n s i d e  diameter of 
t h e  a e r o s o l i z e r  j e t s ,  g iven the diameters  and lengths  of t h e  tubes making 
up the  primary j e t .  
r e s i s t a n c e s  are due only t o  the  i n t e r n a l  r e s i s t a n c e  of t h e  tubes,which 
were small enough i n  diameter t o  be considered as c a p i l l a r i e s .  
This  was accomplished by assuming t h a t  a l l  f low 
Following i s  the  a n a l y t i c  s o l u t i o n  t o  the  above problem. 
2 
Rp = flow resistance of primary jet 
RP Fp 
where 
AP = manifold pressure (gage) 
Fp = primary flow rate 
B = flow resistance of one aerosolizer jet 
j 
whe 1: e 
F = flow rate of one aerosolizer jet 
j 
FS = secondary flow rate 
FS = 2Fp = 3 F 
j 
. * .  F = 213 Fp 
j 
ap- ap - 213 - 
RP R j 
F = 3/2 Rp 
j 
D = inside diameter of primary tubes 
Dp = .020 inches 
Lp = total length of primary tubes 
Lp = 1.6 inches 
P 
lb .see. * 
5 Rp = 1.0 in 
lb . see. 
in 5 
... R = 1.5 
j 
* 





L = .5 inches 
D = i n s i d e  diameter of an  a e r o s o l i z e r  j e t  
D = .015 inches 




Aerosol izer  tubes of t he  above diameter and length  were c u t  from 
They hypodermic needles  and epoxied i n t o  ho le s  i n  t h e  aluminum base.  
wete bent  45" downward as w e l l  a s  45" i n  a t a n g e n t i a l  d i r e c t i o n  i n  o rde r  
t o  c r e a t e  a swi r l ing  a c t i o n  forc ing  the  l a r g e r ,  unwanted par t ic les  t o  t h e  
s i d e  and the  smal le r  p a r t i c l e s  up i n t o  the  a s p i r a t o r .  
assembly drawing of the  c o l l e c t o r  showing dimensions and ma te r i a l s .  
Figure 2 i s  an 
The c o l l e c t o r  was t e s t e d  using samples of s p h e r i c a l  g l a s s  beads of 
va r ious  diameters  from 60 t o  150 microns. A small sample of beads of a 
p a r t i c u l a r  diameter w a s  placed on a f l a t  su r f ace  under the  c o l l e c t o r  
funnel .  The pressure  was increased slowly u n t i l  t he  beads were seen t o  
be e j e c t e d  out  t he  top. Figure 3 i s  a graph showing the  manifold p re s -  
sure requi red  t o  p ick  up g l a s s  beads of a g iven  diameter .  
shows t h a t  i f  t he  ope ra t ing  manifold pressure  i s  38 p s i ,  t he  cu tof f  po in t  
f o r  g l a s s  beads w i l l  be 100 microns. 
The curve 
To check t h i s  r e s u l t  on d i r t  p a r t i c l e s ,  va r ious  samples of s o i l  were 
c o l l e c t e d  a t  t h e  38 p s i  opera t ing  point .  The r e s u l t s  showed t h a t  t he  
100 micron cu tof f  po in t  was reasonably good f o r  a wide v a r i e t y  of p a r t i c l e s  
including grave l ,  b lack  d i r t ,  and chopped leaves.  
. -  * .  
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I n t r o d u c t i o n  
The o b j e c t  of t h i s  r e p o r t  i s  t o  d i scuss  s u i t a b l e  methods f o r  
d e l i v e r i n g  and meter ing minute amounts of a given l i q u i d  which might be 
on  t h e  order  of one m i c r o l i t e r .  The development of t hese  techniques is 
important  i n  c e r t a i n  a s p e c t s  of b i o l o g i c a l  research .  A s  an example one 
might be i n t e r e s t e d  i n  i n j e c t i n g  a p r e c i s e  volume of a l i q u i d  chemical 
i n t o  t h e  b r a i n  of an i n s e c t .  Another example might be t h e  d e l i v e r y  of 
a small f i n i t e  volume of a reagent  t o  see i t s  e f f e c t s  on a s i n g l e  c e l l  
p l a n t  o r  animal.  
The conten t  of t h i s  r epor t  w i l l  be l imi t ed  t o  t h e  problem of 
t i t r a t i o n  wherein t h e  de l ivered  q u a n t i t i e s  of t h e  l i q u i d  are minute and 
a re  capable  of being measured t o  a n  order  of accuracy of about  one p e r  
c e n t  of t h e  de l ive red  volume. 
An a t tempt  w i l l  be  made to  exercise t h e  problem of t i t r a t i o n  by 
breaking  t h e  d iscuss ion’ in to  two ca tegor i e s ,  d e l i v e r i n g  and meter ing 
techniques . 
Techniques of Delivery 
We have observed t h a t  a l i q u i d  flowing slpwly from t h e  t i p  of an  
eye-dropper does no t  emerge as a continuous stream b u t  as a succession 
of drops.  A sewing needle ,  i f  p laced  c a r e f u l l y  on a water su r face ,  
makes a small depress ion  i n  the s u r f a c e  and rests t h e r e  without  s ink ing ,  
even though i t s  d e n s i t y  i s  many t i m e s  h igher  than  t h a t  of water. When a 
c l e a n  g l a s s  tube of small bore i s  dipped i n t o  water, t h e  water rises i n  
t h e  tube,  bu t  i f  t h e  tube i s  dipped i n  mercury, t h e  mercury i s  depressed. 
A l l  t h e s e  phenomena, and many o t h e r s  of a similar n a t u r e ,  are a s soc ia t ed  
w i t h  t h e  e x i s t e n c e  of a boundary su r face  between a l i q u i d  and some o t h e r  
subs tance .  A l l  s u r f a c e  phenomena i n d i c a t e  that  the stirface c?f a Ifquid 
can  be considered t o  be  i n  a s ta te  of stress, t h e  material on one s i d e  
of t h e  l i n e  of con tac t  exe r t s  a p u l l  on t h e  material on t h e  o t h e r  s i d e .  
Th i s  s t a t e  of stress a t  t h e  i n t e r f a c e  of two d i s s i m i l a r  materials i s  
c a l l e d  s u r f a c e  tens ion .  
I n  many engineer ing problems t h i s  s u r f a c e  phenomena i s  usua l ly  
ignored s i n c e  the  magnitude of t hese  fo rces  i s  n e g l i g i b l e  r e l a t i v e  t o  
t h e  o t h e r  fo rces  i n  a given system. For example t h e  pouring of a l a r g e  
1 
volume of water from a beaker (say 200 ml) can be p r e c i s e l y  metered 
and de l ive red  i n  a number of ways. There i s  usua l ly  a r e s i d u e  i n  t h e  
beaker  due t o  the  "wetting" a c t i o n  of t h e  water on t h e  su r face  of t h e  
bucket .  However, t h e  obvious a f f e c t s  of g r a v i t y  completely dominate i n  
t h i s  s i t u a t i o n  and the  r e s idue  remaining i n  t h e  beaker 
re la t ive  t o  t h e  n e t  de l ive red  volume. 
i s  n e g l i g i b l e  
I f  we can imagine the  beaker sh r ink ing  i n  s i z e  we see t h a t  t h e  
r e s i d u e  remaitling a f t e r  t he  l i q u i d  i s  poured becomes more and m a E e  a 
s i g n i f i c a n t  p a r t  of t h e  t o t a l  volume. 
Cap i l l a r  i t y  
When a small bore g l a s s  tube i s  dipped i n t o  a con ta ine r  of water, 
t h e  water w i l l  r i se  i n  the  tube t o  a given he igh t  above t h e  s u r f a c e  of 
t h e  water i n  the  conta iner .  On t h e  o t h e r  hand, i f  mercury i s  used 
i n s t e a d  of water i t  w i l l  be  seen t h a t  t h e  column w i l l  be depressed below 
t h e  s u r f a c e  of t h e  mercury. 
d i r e c t l y  r e l a t e d  t o  t h e  e f f e c t s  of s u r f a c e  tens ion .  A d i scuss ion  of 
t h e s e  r e l a t i o n s h i p s  can be found i n  any number of phys ics  textbooks and 
w i l l  n o t  be developed he re .  
I t  can be shown t h a t  t h i s  phenomena i s  
However, t h e  above phenomena of c a p i l l a r i t y  
c a n  be shown t o  fo l low the  formula 
~ S C O S ~  
Y = pgr 
The terms are def ined  i n  t h e  cgs  system as: 
y = he igh t  from sur face  of t h e  l i q u i d  -cm 
S = su r face  tension between t h e  l i q u i d  and a i r  ( s a t u r a t e d  
wi th  i ts  own vapor) - dynes/cm 
p = mass d e n s i t y  of t h e  l i q u i d  - gm/cm 
r = r ad ius  of t h e  c a p i l l a r y  tube  - c m  
2 g = a c c e l e r a t i o n  due t o  g r a v i t y  - cm/sec 
8 = con tac t  ang le  between t h e  l i q u i d  and t h e  w a l l  of t h e  
tube  - degrees 
I n  t h e  above examples the  angle  of c o n t a c t  between water and t h e  g l a s s  
i s  less than 90" g iv ing  a p o s i t i v e  va lue  f o r  y. And i n  t h e  case of 
2 
E '  I I .  - .  
mercury t h e  angle  of con tac t  i s  g r e a t e r  than 90" g iv ing  a negat ive  
va lue  f o r  y ( see  F igure  1). Obviously i f  8 = 90' then the  he ight  
y = 0 ,  i . e . ,  no c a p i l l a r i t y  w i l l  e x i s t .  
I f  t he  l i q u i d  can be made t o  "wet" completely the  i n t e r i o r  of t he  
tube  i t s  ang le  of con tac t  with t h e  w a l l  i s  zero.  
It can be shown t h a t  t h e  meniscus i s  hemispherical  and i t s  rad ius  
i s  simply the  r ad ius  r of t h e  tube. The above formula does not  take  i n t o  
account t he  he igh t  of t h e  meniscus. I f  t he  he igh t  of t he  meniscus i s  n o t  
wholly n e g l i g i b l e  with respec t  t o  y then the  mean value of y can b e  ob- 
t a ined  by adding 1 / 3 r  t o  the  height  of the  lowest p o i n t  on the  meniscus. 
i s  found t o  hold f o r  tubes of as much as 2scose + r 3 The formula y = p'gr 
1 mm diametkr.  
1 mm o r  l e s s  i n  diameter .  
For our purposes w e  s h a l l  conf ine  ourse lves  t o  tubes of 
Cer t a in  observa t ions  can be made about t he  s u r f a c e  tens ion  S .  Experi-  
ment shows t h a t  S a lmost  invar iab ly  decreases  with rise i n  temperature.  
The fol lowing formula f o r  sur face  tens ion  a t  temp t O C  i s  found t o  hold. 
w e l l :  
= S 0 ( l  -t )n 
t C  
S t  
where So i s  the  va lue  of S a t  O°C 
n i s  a cons tan t  which va r i e s  s l i g h t l y  from l i q u i d  t o  l i q u i d  bu t  
has a mean value of 1 . 2 ,  
t the  temperature where t h e  su r face  t ens ion  
C 
an.d i t s  vzpcr- is zero. 
Figure  2 shows a p l o t  of sur face  t ens ion  of water 
between t h e  l i q u i d  
t o  a i r  versus  tempe,rature. 
MFcr cp i p  e t s 
P i p e t s  of any s i z e  can b e  made simply by hea t ing  a g l a s s  tube under 
a flame of reasonably high temperature u n t i l  t he  g l a s s  becomes s o f t  and 
p l i a b l e .  The tube i s  then withdrawn from the  flame and i s  pu l l ed  a t  a 
cons t an t  r a t e .  The tube w i l l  "neck" down t o  t h e  approximate des i r ed  
diameter  a t  which the  pu l l ing  motion ceases .  I n  the  case  of micropipets  
i t  i s  d e s i r a b l e  t o  perform the p u l l i n g  o r  drawing opera t ion  i n  a t  l e a s t  
two success ive  s t a g e s .  For example, i f  we begin wi th  a tube of about 
3 
. 
8 nun O.D. and 6 mm I , D .  we may d r a w  down t o  an  O.D. of about  1 m. 
After pe rmi t t i ng  the  g l a s s  t o  cool,  i t  may be hea ted  aga in  a t  approximately 
t h e  c e n t e r  of t h e  reduced sec t ion .  The process  of h e a t i n g  and drawing the  
g l a s s  tube i s  repeated once again except  t h a t  a narrower flame must be  used. 
The advantage of drawing in  successive s t a g e s  i s  t h a t  t h e  amount of t a p e r  i n  
t h e  drawn p o r t i g n  i s  minimized. 
bo re  ranging from 20 t o  50 micrometers. 
p i p e t s  wi th  smaller diameters  eince they are l i a b l e  t o  become clogged. 
Micropipets 'may be ca tegor ized  i n t o  two groups,  those t h a t  depend f o r  
ope ra t ion  upon t h e  s t r o n g  su r face  t ens ion  a t  t h e  t i p ,  end those  where 
t h e  s u r f a c e  t ens ion  i s  e l i m i m t e d  from t h e  bore  of micropipet .  
technique f o r  e l imina t ing  sur face  t ens ion  w i l l  be d iscussed  later.  
The f i n a l  s t a g e  r e s u l t s  i n  a tube  having a 
It i s  usua l ly  n o t  convenient  t o  use  
The 
For t h e  f i r s t  case i t  i s  found t h a t  t h e  p re s su re  i n s i d e  t h e  p i p e t  i s  
uaua l ly  s l i g h t l y  h igher  than the atmospheric p re s su re ,  bu t  t h e  s t r o n g  
s u r f a c e  t ens ion  of t h e  meniscus a t  t h e  o r i f i c e  prevents  outf low of t h e  
working l i q u i d  i n t o  a i r .  When t h i s  type of micropipet  i s  adapted t o  a 
micrometer syr inge ,  and wi th  the a i r  cushion i n  t h e  p i p e t  a t  a p res su re  
h ighe r  than atmospheric ,  de l ive ry  is  immediately obtained by immersing 
t h e  t i p  i n t o  t h e  experimental  l i q u i d  i n  a watch g l a s s  o r  s l i d e .  I n  
ope ra t ing  t h i s  type of micropipet t he  plunger  of t he  sy r inge  i s  depressed 
t o  a p o s i t i o n  where t h e  l i qu id  j u s t  begins  t o  emanate from t h e  t i p  of t h e  
micropipe t .  A t  t h i s  po in t  the micropipet  i s  c a r e f u l l y  lowered i n t o  t h e  
l i q u i d  medium so t h a t  t he  l i q u i d  a t  t h e  t i p  of t he  micropipet  j u s t  touches 
the surfsce nf the l i q u i d  medium. A s  t h e  syr inge  i s  f u r t h e r  depressed 
t h e  l i q u i d  from t h e  micropipet w i l l  be  de l ive red  i n  a continuous flow. 
The flow i s  stopped by withdrawing t h e  t i p  from the  l i q u i d .  
manner t h e  o r i f i c e  a t  the  t i p  acts l i k e  a stopcock f o r  c o n t r o l l i n g  t h e  
l i q u i d  flow. One advantage of t h i s  type of p i p e t  i s  t h a t ,  due t o  tne 
s t r o n g  fo rces  a t  t h e  meniscus, t h e  working d r o p l e t  remains a t  t h e  t i p  
wi thout  danger of outflow rega rd le s s  of s l i g h t  displacements of t h e  
p lunger ,  which might a c c i d e n t a l l y  occur.  Of course t h e  obvious d isad-  
vantage of t h i s  s o r t  of system i s  that t h e  experiment must be performed 
i n  a l i q u i d  medium and cannot be  used e f f e c t i v e l y  f o r  d e l i v e r y  t o  a dry 
su r face .  Furthermore,  precise q u a n t i t a t i v e  d e l i v e r i e s  are  v i r t u a l l y  
impossible .  
I n  t h i s  
4 
The o t h e r  type of micropipet i s  one i n  which t h e  su r face  t ens ion  i s  
el iminated.  The i n t e n t  he re  i s  t o  improve the  c o n t r o l  of l i q u i d  flow 
from the  p i p e t .  
t reatment  with Teddol, Akard, o r  p a r a f f i n  wax. The e f f e c t  of t h i s  treat- 
ment i s  t o  i nc rease  the  contac t  angle  t o  a value s l i g h t l y  g r e a t e r  o r  equal  
t o  90 degrees.  
y i s  zero  o r  some small negat ive value when the  con tac t  ang le  
o r  some value s l i g h t l y  g r e a t e r  than 90". 
The bore of the micropipet  i s  made water r e p e l l e n t  by 
From the  formula f o r  .oapbl la r i . tyy  = 2sc0se we see t h a t  
Pgr 
8 = 90" 
Teddol and Desicote  are commercial names of mixtures  of v o l a t i l e  
methyl ch lo ros i l anes  which may be used t o  e l imina te  su r face  tens ion .  
t i p  of t he  c l ean  and dry p i p e t  i s  dipped i n  t h e  l i q u i d  and suc t ion  i s  
app l i ed  through the  s t e m  u n t i l  t he  l i q u i d  f i l l s  t he  bore of t he  micro- 
p i p e t .  Af t e r  a few minutes the l i q u i d  i s  expel led .  By t h i s  t reatment  
t h e  su r face  i n  con tac t  with the l i q u i d  becomes Water-repelletlE. Sur face  
tens ion  e f f e c t s  are almost completely e l imina ted ,  and the  flow of l i q u i d  
w i l l  depend almost e n t i r e l y  on the  p re s su re  app l i ed  by the  dicrometer  
plunger . 
The 
Methods similar t o  t h a t  described above a r e  used when applying Akard 
o r  p a r a f f i n  wax. In  t h e  case  of p a r a f f i n  wax the  molten form i s  used. 
However, a s e r ious  disadvantage of wax coa t ing  i s  t h a t  a po r t ion  of i t  
occas iona l ly  becomes detached and may g e t  i n t o  t h e  sample. 
reason,  micropipets  coated with p a r a f f i n  wax are abso lu te ly  unsui ted  f o r  
grav imet r ic  work. 
For t h i s  
XicroTipets t r e a t e d  w i t h  t hese  s i l i c o n e  water r e p e l l e n t s  (Teddol, 
Desicote) have s e v e r a l  ddvantages. They a r e  r e a d i l y  cleaned and d r i e d  
s i n c e  adhesion of aqueous so lu t ions  t o  the  g l a s s  i s  g r e a t l y  reduced by 
t h e  r e p e l l e n t  f i lm.  They a l s o  d r a i n  more completely than the  uncoated 
p i p e t s ,  and t h i s  minimizes the need f o r  r i n s i n g .  I f  water-reprllericy 15 
complete, micropipets  d e l i v e r  q u a n t i t a t i v e l y  t h e  s o l u t i o n  which they 
conta in .  This improves t h e  p rec i s ion  of d e l i v e r y  of measured volumes 
s i n c e  no r e s idue  i s  l e f t  which may be poorly reproducib le .  Complete 
water repe l lency  produces a f l a t  meniscus (e  = 90") which is more 
accu ra t e ly  read,  improving the p r e c i s i o n  of c a l i b r a t e d  micropipets .  
Furthermore, s i l i c o n i z i n g  the ou t s ide  su r face  of t h e  p i p e t  i n h i b i t s  t h e  
de l ive red  l i q u i d  from creeping up on t h e  ou t s ide  of t he  t i p .  
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Micrometer Syringe 
A t y p i c a l  micrometer syr inge i s  shown i n  F igure  3 .  It c o n s i s t s  of 
a g l a s s  hypodermic sy r inge  of a tnarrow uniform bore,  a t t ached  t o  a 
micrometer screw. 
i s  secured i n  p o s i t i o n  by a c o l l a r .  
The g l a s s  syr inge i s  he ld  i n  a r i g i d  framework and 
The plunger  of t he  micrometer head 
p r e s s e s  d i r e c t l y  on t h e  p i s t o n  of t he  syr inge .  
loaded by p lac ing  a weak spr ing  cons t ruc ted  from piano  w i r e  around i t s  
stem so t h a t  t he  sp r ing  i s  he ld  between the  head of t he  p i s t o n  and the  
l i p  of t h e  sy r inge  b a r r e l .  
t h e  p i s t o n  may be advanced o r  r e t r a c t e d  without  lagging behind the  
corresponding movement of t h e  micrometer plunger .  
The p i s t o n  i s  spr ing-  
/ 
Spring loading i n  t h i s  f a sh ion  ensures  t h a t  
Tbe micropipet  i s  cons t ruc ted  i n  such a way as t o  be easily a t t acked  
t o  t h e  g l a s s  syr inge  by a simple rubber j o i n t .  I n  use ,  t he  syr inge ,  t h e  
s t e m  of t he  micropipet ,  and a p a r t  of t h e  shank are completely f i l l e d  
wi th  water. The rest of t h e  shank conta ins  an  a i r  cushion which se rves  
t o  s e p a r a t e  the  water i n  t h e  syr inge  from the  sample o r  reagent  s o l u t i o n  
i n  t h e  t i p  or  s h a f t  of the  micropipet .  This  a i r  cushion t r a n s f e r s  t he  
p r e s s u r e  from t h e  micrometer plunger via t h e  p i s t o n  of t he  syr inge  and 
t h e  water column t o  the  reagent s o l u t i o n  i n  t h e  s h a f t  of t h e  micropipet .  
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OUTLINE OF A PROGRAM FOR FUTURE STLDY 
I, Survey of c u r r e n t  l i t e r a t u r e  
A ,  Contact of manufacturers 
1. Reading of d e s c r i p t i v e  l i t e r a t u r e  
a .  Techniques of g l a s s  working 
b ,  Various design approaches t o  automatic  t i t r a t io r r .  
11. Research of var ious  textbooks 
A .  C a l i b r a t i o n  methods 
1. Appl ica t ion  of s te reoscopic  microscope 
a ,  Develop q u a n t i t a t i v e  means of measuring volumes. 
111. S e t  up elemefitary f a c i l i t i e s  
A .  Build a micrometer syr inge 
1. Apply the  syr inge as a b a s i c  t o o l  i n  meter ing q u a n t i t a t i v e  
amounts of a given l i q u i d .  
B.  Build g l a s s  drawing equipment 
1. F a b r i c a t e  micropipets  
C ,  Build an au tomat ica l ly  opera ted  micrometer sy r inge  
IV. Academic S tud ie s  
A. I n v e s t i g a t e  s u r f a c e  tens ion  phenomena 
1. Aqueous so lu t ions  
B ,  Consul t  with var ious  knowledgeable members of t he  f a c u l t y  
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Figure  1 
Sur face  Tension Forces on a Liquid i n  a C a p i l l a r y  Tube. 
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Figure  2 
P l o t  of su r face  tens ion  of water 
t o  a i r  as temperature i s  varied 
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The purpose of t h i s  paper is  t o  provide  a means t o  compare minia ture  
so lenoids  with o t h e r  small, energy conver t ing  devices  such as explos ive ,  
hydrau l i c ,  o r  pneumatic a c t u a t o r s ,  The material used i n  t h i s  paper  w a s  
e x t r a c t e d  from a c a t a l o g  of solenoid components publ ished by t h e  Western 
Div i s ion  of I m c  Magnets Corporation. 
The da ta  on the  fol lowing pages i s  r e s t r i c t e d  t o  l i n e a r  DC so lenoids  
weighing less than one pound. 
w a s  c a l c u l a t e d  by count ing t h e  squares  under the  force-displacement  curve 
as  given i n  t h e  c a t a l o g ,  
w a s  used i n  a l l  cases. The solenoid volumes l i s t e d  are  only approximate 
s i n c e  they were c a l c u l a t e d  from the  rough o v e r a l l  dimensions shown i n  
t h e -  c a t a l o g .  
The maximum work done by a given so lenoid  
The curve r ep resen t ing  the  maximum r a t e d  vol tage  
The so lenoids  were divided i n t o  t h r e e  classes: (I) s i n g l e  c o i l -  
pu l l -cont inuous  opera t ion ;  (11) s i n g l e  c o i l - p u l l - i n t e r m i t t e n t  opera t ion ;  
and (111) s i n g l e  coil-push-contintious Operation. The double c o i l  so lenoids  
w e r e  p laced  i n  the  second c l a s s i f i c a t i o n  s i n c e  the  c o i l  used t o  do the  
work i s  opera ted  i n t e r m i t t e n t l y  while  t h e  a d d i t i o n a l  c o i l  only ac t s  t o  
hold t h e  plunger  a t  the. end of t h e  s t r o k e .  
d a t a  obtained f o r  t h e  t h r e e  c l a s s e s .  Ncte t h a t  two d i f f e r e n t  so lenoids  
of a given weight may produce t o t a l l y  d i f f e r e n t  amounts of work. This  i s  
due t o  v a r i a t i o n s  i n  t h e  shape of t he  p luager  t i p .  F l a t - f aced  plungers  
a re  used f o r  r e l a t i v e l y  high fo rces  a t  s h o r t  s t rokes  while  conical-ended 
p lungers  are  employed f o r  a more cons tan t  f o r c e  over a longer  s t roke .  
Pages (6-10) are  p l o t s  of va r ious  p o r t i o n s  of t h e  d a t a  given on 
The l i n e s  drawn on t h e  graphs are meanc t o  show on ly  an 
Page ( 5 )  i s  a summary of t h e  
page ( 4 ) .  
average l i n e a r  r e l a t i o n s h i p  between the  o r d i n a t e  and a b s c i s s a ,  and the re  
i s  no i n t e n t  t o  imply t h a t  the a c t u a l  r e l a t i o n s h i p  should be l i n e a r .  The 
r e s u l t s  of t hese  graphs can be s u m n ~ r i z e d  3 s  fnllnws: 
oz (1) Average dens i ty  of a l l  so lenoids :  3 , 3  - 
(2)  Average work done by class I so lenoids  (pul l -cont inuous) :  
 IN^ 1 
IN-OZ 1.4 oz 
(3)  Average work done by class I1 so lenoids  ( p u l l - i n t e r m i t t e n t ) :  
IN-OZ 4 - 5  oz 
2 
( 4 )  Average work done by c l a s s  111 so lenoids  (push-continuous):  
IN-OZ 
. 6 2  (UP t o  weight of 8 O Z . )  oz 
1.4  IN-'' (above 8 02. ) oz 
The v a r i a t i o n  i n  t h e  work done by push type solenoids  i s  be l ieved  
t o  be  due t o  t h e  f a c t  t h a t  i n  small so lenoids  t h e  ho le  i n  t h e  s top  o r  
a n v i l  i s  a r e l a t i v e l y  l a r g e  f r a c t i o n  of t h e  o v e r a l l  diameter of t he  
plunger  thus  decreas ing  the  number of f l u x  l i n e s  a c t i n g  between the  
a n v i l  and t h e  p lunger .  The work-to-power r a t i o  i s  some i n d i c a t i o n  of t h e  
e f f i c i e n c y  of a so lenoid ,  p a r t i c u l a r l y  i n  a p p l i c a t i o n s  where response t i m e  
i s  not  c r i t i ca l .  The p l o t  of work-to-power r a t i o  v s ,  weight f o r  class I 
so lenoids  (page 7 )  shows that,  i n  gene ra l ,  heavier  solenoids  are more 
e f f i c i e n t .  
Note t h a t  a l l  of t he  graphs show t h e  maximum work t h a t  a p a r t i c u l a r  
so lenoid  w i l l  d e l i v e r .  I f  the power inpu t  i s  decreased,  t he  work output  
w i l l  decrease  p ropor t iona te ly .  I f ,  however, t h e  power input  i s  increased  
so  t h a t  t he  vo l t age  is  higher  than  t h e  maximum r a t e d  f i g u r e ,  t h e r e  may 
n o t  be a continued inc rease  in  work ou tpu t .  This  i s  because t h e  i r o n  
becomes s a t u r a t e d  wi th  f l u x  l i n e s .  This  c h a r a c t e r i s t i c  sets t h e  p r a c t i c a l  
l i m i t  on t h e  maximum f o r c e  a v a i l a b l e  from a given solenoid.  
f o r  t h e  f o r c e  produced by a c i r c u l a r  f l a t - f a c e d  plunger is:  
The formula 
2 2  B r  
2 2 . 9  
1 ,  F =  
where 
F i s  t h e  fo rce  i n  pounds 
B i s  the  f l u x  dens i ty  i n  kilomaxwells p e r  square i n c h (  
rl i s  t h e  r ad ius  of t h e  plunger  
Using the  b e s t  poss ib l e  magnetic material with a maximum value  
* Herbert C .  Roters ,  Electromagnetic Devices,  John Wiley and Sons I n c . ,  
1941, p.  202, equat ion (8c). 
3 
for B of 15,000 gauss, the above equation becomes: 
2 
= 101.5 D (lb) Fmax 
where D is the diameter of the plunger in inches. This equation is 
plotted on page (11) for easy reference. 
There are four general conclusions which can be safely drawn from 
the above data: 
A solenoid designed for intermittent operation will 
produce about three times as much work as a solenoid of 
the same size and weight designed for continuous operation. 
Intermittent solenoids are less efficient than continuous 
ones. 
Very small push-type solenoids produce less work for their 
weight than do pull-types. 
Solenoids are limited to approximately one hundred pounds 
per square inch of the plunger's cross-sectional area 
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EVALUATION OF THE HERCULES BA31K7 BELLOWS MOTOR 
USED I N  THE MARK I1 IWLTIVATOR 
I -  
* 
Prepared  by Jack  L .  H a r m s ,  R e s e a r c h  A s s i s t a n t  
U n d e r  C o n t r a c t  N o .  NASA 8160 
A u g u s t ,  1964 
. 
c 
Abs t rac t  
Tests were conducted on t h e  BA31K7 bellows motor of Hercules  Powder 
Company of the 
These tests showed t h a t  t h e  bellows extended completely i n  0,5 m i l l i -  
seconds o r  less but  had an i g n i t i o n  de lay  t i m e  of 0.8 mi l l i seconds .  
r ap id  s t r o k e  gave r i s e  t o  high a c c e l e r a t i o n s  on the  order  of 5000 g ' s  
which r e s u l t e d  i n  h igh  i n e r t i a l  f o r c e s .  The average work output  w a s  
36 i n - l b  over a 0 . 4  inch s t roke ,  wi th  i n i t i a l  s t a r t i n g  fo rces  of 160 l b s .  
Average s t r o k e  f o r c e s  were computed t o  be 80 t o  130 l b s .  over t he  s t r o k e  
l eng th .  
and expansion of gases .  The r e s i d u a l  o r  ho ld ing  f o r c e  of t he  extended 
bellows w a s  due t o  the  r i g i d i t y  of t he  cas ing ,  and was found t o  be about  
2 1 / 2  t i m e s  h igher  than t h e  20 l b s .  noted by the  manufacturer.  
type incorporated i n  the  cu r ren t  Mul t iva tor  design.  
The 
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In t roduc t ion  
The tes ts  descr ibed  i n  t h i s  r e p o r t  were intended t o  provide i n s i g h t  
i n t o  the  performance of bellows motors of t h e  type  incorpora ted  i n  t h e  
c u r r e n t  Mul t iva tor  design.  
motor No. BA31K7 of t he  Hercules Powder Company. The tests ind ica t ed  how 
t o  i n t e r p r e t  t he  manufacturer ' s  s p e c i f i c a t i o n s ,  and a l s o  allowed t h e  
energy output  t o  be ca l cu la t ed .  
given a t  the  end of t he  r epor t .  
The bellows motor used i n  these  tests w a s  
The manufac turer ' s  s p e c i f i c a t i o n s  are  
Summary of T e s t  Resu l t s  
The genera l  test  r e s u l t s  revea led  t h a t  t h e  average delay t i m e  be fo re  
bel lows motion w a s  0 .8  mi l l i seconds  a t  a f i r i n g  cu r ren t  of 3 amperes. 
The a c t u a t i o n  o r  s t r o k e  t i m e  was 0 .6  mi l l i seconds  f o r  r e s i s t i n g  f o r c e s  
of 50 pounds o r  less and increased f o r  i nc reas ing  loads .  This  r a p i d  
s t r o k e  t i m e  caused l a r g e  iner t ia l  f o r c e s  which w i l l  probably be t h e  
major f o r c e s  the  des igner  w i l l  have t o  contend wi th  i n  the  motor 's  use .  
The motors ge t  t h e i r  power output from r a p i d  gas  hea t ing  and expansion; 
consequent ly ,  t h e i r  s t roke  length and work output  may be l imi t ed  by a 
long s t r o k e  t i m e .  It i s ,  therefore ,  recommended t h a t  t hese  devices  no t  
be used f o r  d r i v i n g  h ighly  viscous loads which could r e s u l t  i n  long 
s t r o k e  times. 
Tests showed t h a t  t he  bellows motor could d e l i v e r  high i n i t i a l  
s t a r t i n g  fo rces  of 160 pounds wi th  average s t r o k e  f o r c e s  of 82 t o  127 
pQiinds f o r  an  average s t roke  t i m e  of 0 .6  mi l l i seconds .  
s t r o k e  t i m e  of 1.1 mil l iseconds the  average f o r c e  w a s  42 t o  66 pounds. 
The output  f o r c e  f o r  t h i s  model bellows motor w a s  r a t e d  by t h e  manu- 
f a c t u r e r  only by i t s  holding f o r c e  of 20 pounds f o r  t he  r a t e d  3/8  
s t r o k e  l eng th .  
c a p a b i l i t y  of about  47 pounds f o r  a f i n a l  s t r o k e  length  of 0.38 t o  0.42 
inches .  
r ega rd  t o  t h e  hold ing  fo rce .  
50 pounds t h e  f i n a l  s t r o k e  length i s  unpredic tab le .  
of 50 pounds t h e  bellows f a i l e d  t o  extend t o  t h e  r a t e d  0.38 inches and 
a f t e r  a few seconds col lapsed t o  less than i t s  i n i t i a l  f i r e d  length .  The 
c o l l a p s e  was due t o  t h e  cool ing of t he  i n t e r n a l  gases .  
For a longer 
The test  r e s u l t s  showed a maximum f i n a l  holding Fcrce 
Consequently,  t h e  device has  a s a f e t y  f a c t o r  of 2 - 1 / 2  with 
It should be noted t h a t  f o r  loads above 
With loads i n  excess  
1 
Desc r ip t ion  of T e s t  Set-up 
The p h y s i c a l  test  se t -up  shown i n  t h e  f i g u r e  on t h e  following page 
c o n s i s t e d  of a p r e s s u r e  tank to  supply t h e  load f o r c e ,  a p i s t o n  and 
connec t ing  rod t o  t r ansmi t  t h e  load t o  t h e  bellows motor, a poten t iometer  
and o s c i l l o s c o p e  t o  measure and d i sp lay  t h e  displacement-t ime curve,  and 
a scope camera t o  record  the  r e s u l t s .  
Apparatus Operation 
The bellows motor was  put i n t o  t h e  f i r i n g  chamber. Next t h e  rod 
wi th  the  s l i d i n g  con tac t  o f  t h e  po ten t iometer  w a s  p laced  i n  con tac t  w i th  
t h e  bellows motor, The rod was connected t o  t h e  p i s t o n  which moved i n  
t h e  c y l i n d e r  i n  t h e  p r e s s u r e  chamber. 
i n t o  t h e  tes t  c i r c u i t  so that  motion of t h e  p i s t o n  (and s l i d e r  rod) 
caused a v o l t a g e  displacement.  
f i r i n g  c i r c u i t .  Consequently, t r i g g e r i n g  t h e  f i r i n g  c i r c u i t  t r i g g e r e d  
t h e  sweep. 
and i n c i p i e n t  motion of t h e  bellows motor. 
assumed i d e n t i c a l  t o  t h e  bellows motor ' s  displacement.  Consequently, 
t h e  o s c i l l o s c o p e  measured the  bellows moto r ' s  displacement v s ,  t i m e  
c h a r a c t e r i s t i c s .  
The o s c i l l o s c o p e  w a s  connected 
The scope sweep w a s  t r i g g e r e d  by t h e  
This enabled u s  t o  o b t a i n  t h e  de lay  t i m e  between i n i t i a t i o n  
The p i s t o n  displacement w a s  
Test Procedure 
F i r s t ,  t h e  bellows motor w a s  measured f o r  i t s  i n i t i a l  l ength .  Then 
i t  w a s  i n s t a l l e d  i n  t h e  f i r i n g  chamber. The p r e s s u r e  tank w a s  p r e s s u r i z e d  
t o  t h e  t es t  p r e s s u r e  caus ing  t h e  p i s t o n  t o  push a g a i n s t  t he  u n f i r e d  motor, 
The motor was then removed and remeasured t o  d e t e c t  any i n i t i a l  compression 
by the  t e s t  f o r c e .  Af t e r  the motor w a s  r ep laced ,  t h e  ze ro  l i n e  on t h e  
o s c i l l o s c o p e  was set corresponding t o  ze ro  dispiacemenc (ihe scale xzs 
a d j u s t e d  so 0 . 1  inch displacement corresponded t o  1 c m  of t h e  scope 
sc reen  g r i d ) .  
p r e s s u r e  and t h e  scope camera was opened on "bulb" exposure. 
c i r c u i t  w a s  c losed  and t h e  bellows motor was f i r e d ,  l eav ing  i t s  t i m e -  
displacement trace recorded on t h e  f i l m .  The f i r e d  bellows motor w a s  
t hen  remeasured t o  d e t e c t  any compression occur r ing  o u t s i d e  t h e  scope t i m e  
Next, t h e  p re s su re  tank was r ep res su r i zed  t o  t h e  tes t  
The f i r i n g  
2 
range and t o  g e t  an  accu ra t e  f i n a l  displacement.  ( T e s t  Data recorded 
i n  labora tory  notebook, pages 16 t o  21.)  
T e s t  R e  su 1 t s 
The r e s u l t s  of t he  severa l  tests were f o r  a cons tan t  f i r i n g  cu r ren t  
( 2 . 8  amps) with load fo rce  a parameter.  These tes ts  y i e lded  d i r e c t l y  t h e  
time-displacement curves ,  t he  delay t i m e ,  and the f i n a l  displacement f o r  
a given loading f o r c e .  The acce le ra t ion  and v e l o c i t y  curves  were 
der ived  by numerical  d i f f e r e n t i a t i o n  of t he  displacement curves  and thus  
a r e  l imi t ed  i n  t h e i r  accuracy (es t imated  a t  ,+ 25%). 
E s t i m a t e  of Measurement and C,alculat ion E r r o r s  
Micrometer reading of s t r o k e  - + 3% 
Oscil loscope measurements - + 5% 
Li.near i t y  of potent iometer  - + 5% 
- + 8% 
- + 4% 
Photograph readings (measurement 
Ca lcu la t ion  and round o f f  e r r o r  
of t i m e  and displacement) 
(Veloci ty ,  a c c e l e r a t i o n ,  p a r t i n g  
p os it  i on) 
T o t a l  E r ro r  - + 25% 
3 
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Sign i f i cance  of T e s t  Resu l t s  
The tes ts  showed t h a t  t h e  t e s t e d  bellows motors were conse rva t ive ly  
r a t e d  with regard t o  hold ing  force  and s t r o k e  length .  
f o r c e s  shown i n  
r a t e d  s t r o k e .  The r e s u l t s  confirmed the  manufac turer ' s  s p e c i f i c a t i o n s  
r ega rd ing  a c t u a t i o n  t i m e  of 0.5 mi l l i seconds .  However, t h e  test  a l s o  
revea led  an  0.8 mi l l i second delay t i m e  before  a c t u a t i o n .  
no ted  t h a t  l a r g e ,  i n e r t i a l  forces  were c rea t ed  due t o  the  extremely f a s t  
a c t u a t i o n  t i m e .  (These fo rces ,  given i n  F i g u r e  6 ,  were t h e  dominant load 
f o r c e s  graphed i n  F igure  4 . )  
Actual  ho ld ing  
3 f  w e r e  found t o  be as high as 47 pounds f o r  t h e  
It should be 
The displacement-t ime curves show an  almost l i n e a r  displacement f o r  
t h e  f i r s t  two mi l l i seconds .  Consequently, t h e  d e v i c e ' s  v e l o c i t y  can be 
assumed cons tan t  with good accuracy. Using t h i s  assumption t h e  sepa ra t ion  
p o i n t  given i n  F igure  8 of the p i s t o n  s h a f t  from the  bellows motor w a s  
c a l c u l a t e d ,  and da ta  a f t e r  t h i s  p o i n t  w a s  no t  used f o r  f o r c e  c a l c u l a t i o n s .  
The f i n a l  s t r o k e  displacement (Figure 5 )  var i ed  d i r e c t l y  wi th  t h e  r e s i s t i n g  
load  f o r  loads above 50 pounds b u t  was uniformly cons tan t  f o r  any load 
from 0 t o  50 pounds. The work output  (Figure 9) w a s  approximately 
cons t an t  over t he  range of loads t e s t e d  with t h e  average output  of 
36 i n - l b s .  f o r  a 0.40 inch s t roke .  This  ou tput  compared t o  8 in - lbs ,  
i f  t h e  hold ing  f o r c e  i s  assumed t o  be the  average s t r o k e  output  f o r c e ,  
means t h a t  the  des igner  can expect a t  least double t h e  work output  
c a l c u l a t e d  from t h e  manufacturer ' s  holding f o r c e  d a t a  and s t i l l  be s a f e .  
One i n t e r e s t i n g  test r e s u l t  w a s  t h e  f a c t  t h a t  t h e  bellows motor 
obta ined  i t s  f o r c e  output  from r a p i d  h e a t i n g  of gases i n s i d e  it  racher  
than  through gas genera t ion .  This  w a s  v e r i f i e d  i n  tes ts  wi th  loads over 
50 pounds i n  which t h e  gases had cooled enough a f t e r  50 mil l i seconds  t o  
a l low crumpling of t h e  extended bellows by che ioad.  Csnsequently, t h e  
usab le  f o r c e  output  and maximum s t r o k e  length  are  governed by t h e  speed 
of t h e  s t r o k e .  For a very viscous loading of equ iva len t  r e s i s t i n g  f o r c e  
one should expect  a reduct ion  i n  the  s t r o k e  of t he  bellows motor, due 
t o  t h e  r educ t ion  i n  t h e  s t roke  v e l o c i t y .  
s t r o k e  t i m e  would a l low more energy t o  be l o s t  through cool ing .  For 
space a p p l i c a t i o n s  where the environment i s  a p t  t o  be something less than 
room temperature t h i s  device w i l l  d e l i v e r  more of i t s  a v a i l a b l e  work 
Thuslthe r e s u l t i n g  longer  
output  ou t  as hea t  and thus lessen  i t s  te rmina l  s t r o k e  length  (assuming 
v iscous  loading) .  The r e s i d u a l  ho ld ing  f o r c e  by which the  company rates 
t h i s  p a r t i c u l a r  bellows motor was found t o  be due t o  t h e  r i g i d i t y  of t h e  
bel lows c a s t i n g .  
without  a ho le  i n  t h e  case showed t h a t  t h e  r e s i d u a l  i n t e r n a l  p re s su re  i s  
n e g l i g i b l e  i n  producing the  r e s idua l  f o r c e .  
h e a t  t r a n s f e r  had occurred t o  a l low crumpling from the  p re s su re  load a f t e r  
50 mi l l i seconds .  
Tests conducted wi th  a n  expanded bellows motor with and 
One test  showed t h a t  s u f f i c i e n t  
General  Conclusions 
The tes t  r e s u l t s  were somewhat l imi t ed  i n  t h e i r  accuracy due t o  the  
f a c t  t h a t  s l i d i n g  f r i c t i o n  of t h e  system w a s  unaccounted f o r  and the  d a t a  
w a s  only v a l i d  up t o  t h e  poin t  where t h e  p i s t o n  and s h a f t  separa ted  from 
t h e  expanding bellows motor. These e r r o r s  were considered small due t o  
the  l a r g e  s i z e  of t h e  r e s i s t i n g  f o r c e  compared t o  an  es t imated  f r i c t i o n  
f o r c e  of less than one pound. This  f o r c e  w a s  assumed due t o  f r i c t i o n  of 
t h e  bellows motor moving along t h e  s i d e s  of t h e  f i r i n g  chamber. 
s e p a r a t i o n  p o i n t  occurred a f t e r  a t  least 60% of t h e  bellows motor ' s  
maximum extens ion .  
t h e  t es t s  w a s  t h e  a c t u a l  da t a  record ing  on f i l m .  This  d a t a  was hard t o  
read accu ra t e ly  due t o  the  q u a l i t y  of t h e  p i c t u r e  and the  th ickness  of 
t h e  osc i l l o scope  t r a c e .  It probably could be recorded b e t t e r  i f  a 
Sanborn f a s t  response recorder  w e r e  used in s t ead  of t h e  osc i l l o scope  
and caiiiera, 
Also t h e  
The major i t e m  which i n t e r f e r r e d  with the  q u a l i t y  of 
Other improvements which could be made t o  t h e  test  se t -up  would be 
a p res su re  t ransducer  which could p lug  i n t o  one of t h e  Sanborn 's  record ing  
channels .  
t h e  tank p res su re  d id  s t a y  constant  as assumed o r  whether t h e  r a p i d  pisicjii 
motion caused shock waves i n  t h e  chamber. These shock waves might account 
f o r  t h e  b u f f e t i n g  a c t i o n s  observed i n  t h e  a c c e l e r a t i o n  and v e l o c i t y  of 
t h e  p i s t o n .  Another improvement t o  the  se t -up  would be an  a d j u s t a b l e  
f i r i n g  chamber which would f i t  more c l o s e l y  around t h e  bellows motor. 
With a c l o s e - f i t t i n g  s leeve ,  t he  bellows motor may be a b l e  t o  d e l i v e r  
more f o r c e  and more work before crumpling. Also some kind of a d j u s t a b l e  
This  p re s su re  t ransducer  i n  t h e  p re s su re  tank could d e t e c t  i f  
8 
. 
d e t e n t  i s  needed t o  keep t h e  p i s ton  from crushing  t h e  bellows motor 
be fo re  f i r i n g .  
be brought i n t o  con tac t .  Then the  bellows motor would immediately be 
opposed by the  r e s i s t i n g  load when f i r e d .  
By having it ad jus t ab le  t h e  p i s t o n  and bellows motor could 
Cons idera t ion  of t h e  bellows motor as a mechanical a c t u a t o r  showed 
t h a t  i t  i s  a very  e f f i c i e n t  device.  When t h e  bellows motor w a s  compared 
with a t h e o r e t i c a l  h e l i c a l  spr ing  of t h e  same s i z e ,  i t  produced b e t t e r  
than  t en  t i m e s  t h e  work output p e r  u n i t  weight than t h e  sp r ing .  Even 
us ing  t h e  r a t e d  hold ing  f o r c e  i n  t h e  c a l c u l a t i o n  of t h e  work output ,  t h e  
bellows motor w a s  s e v e r a l  times b e t t e r .  Fur ther  comparisons of t h e  bellows 
motor and a s o l i d  ba r  sp r ing  showed t h a t  t h e  bellows motor produced more 
than  t en  t i m e s  t he  energy p e r  u n i t  weight than Stored i n  t h e  s o l i d  ba r .  
A f i n a l  comparison of t h e  s p e c i f i c  energy output  of t he  bellows motor t o  
t h a t  of gunpowder o r  hydrazine shows t h a t  i t s  output  i s  about one thou- 
sandth of t h a t  which could be de l ive red  by and equiva len t  weight of pure  
exp los ive  charge.  Consequently, though the  p re sen t  bellows motor has  a 
h igh  energy-to-weight r a t i o ,  it is  t h e o r e t i c a l l y  p o s s i b l e  t o  improve t h e  




Comparisoh of t he  S p e c i f i c  Work of t he  Hercules BA31K7 Bellows Motor 
and a Theore t i ca l  H e l i c a l  Spring 
S p e c i f i c  Work Output of t he  Bellows Motor 
Average work output  = 36 in - lb  f o r  a 0.40 inch  s t r o k e  
Dimensions (unf i r e d )  : 
Diameter: 0.320 inches 
Length : 0.625 inches 
-3 Bellows motor’s  weight = 2.185 gms = 4.83 x 10 
W s ,  g p e c i f i c  work output  = 36 i n  - lb f  
l b .  
4.83 x lbm 
Ws = 7450 i n  - lbfj lbrn 
Using the  r a t e d  hold ing  force  of 20 l b s :  
W s ,  average work output = 8 i n  - l b f  f o r  a 0.40 inch s t r o k e  
Ibf’lbm Ws = 1660 i n  - 
Helical Spr ing  S p e c i f i c  Work Output 
For an  i d e a l  h e l i c a l  spr ing  (of t h e  same s i z e  as t h e  bellows motor) 
T max = 16 PR (1 + d)  * -
4R a d 3  
P = load app l i ed  t o  spr ing  
R = t h e  o u t s i d e  r ad ius  of t h e  sp r ing  
d = t h e  th ickness  of the sp r ing  c o i l  
6 = t he  s t r o k e  length  fo r  t h e  s p r i n g  
R = 0.16 inches ( the  rad ius  of t he  bellows motor) 
tuLs1n = the maximum shear stress i n  t h e  s p r i n g  
Assuming steel  ( o i l  quenched 0.8% carbon) 
-... n -7 
p,  t he  d e n s i t y ,  = 0.283 lb/in3 
The p ropor t iona l  l i m i t ,  T = 96,000 p s i  
Shear Modulus of E l a s t i c i t y  G = 1 2  x 10 p s i  6 
* Timoshenko and Young, Elements of S t rength  of Materials, 4 th  e d i t i o n .  
D.  Van Nostrand Co. Inc .  1962, p .  78 .  
10 
L e t  Tmax = T propor t iona l  
Solv ing  formula 10 f o r  P 
3 
TWX. d. 
P =  16R (1 + cl) 
l i m i t  f o r  maximum work s to rage .  
(11) 
4R 
For a h e l i c a l ,  c l o s e l y  co i l ed  spr ing:  
64nPR3 * 
d G  
6 =  4 
where 
n = t he  number of sp r ing  c o i l s  
G = t he  shear  modulus of e l a s t i c i t y  
Solv ing  f o r  t h e  s p r i n g  constant, K, xub&- fur P ,  S f rom 
equat ions  (11) and (12) :  




16(64)R n ( l  + d) zmax.nd 






K = -  
S u b s t i t u t i n g  f o r  P i n  equat ion 12 and so lv ing  f o r  6 i n  t e r m s  of 
TmaX.  : 
3 3 64nR max.nd i j = -  
Gd4 16R(1 + - d)  
4R 
2 4,R nTmax. 
Gd(1 + d) 6 =  - 
4R 
* Timoshenko and Young, Elements of S t r eng th  of Materials, 4 t h  Ed i t ion .  
D. Van Nostrand I n c . ,  1962, p .  78. 
11 
Using formulas (13) and (14) t o  so lve  f o r  t o t a l  work output  of a 
spring!  
1KB2 a r k  = - 2 
- 1 Ed4 ,. ( i n R ’ n y . 7  
3 Gd(1 + d) 
4R 64R n 
2 4 2  2 - 1 Gd4 16n R n ~ m a x .  - - -  
64R3n G2d2(1 + g)2 
4R 
2 2  2 1 *n Rd n(Tmax) 
4G(1 +i)2 Work = 4- 
4R 
Assuming the  sp r ing  w i l l  occupy the  same volume as the  u n f i r e d  
bellows motor when the  spr ing  is  f u l l y  compressed. 
0.625 
d 
n = -  
L e t  d - + R  = 0.16 
n = 3.9 c o i l s  = 4 
Maximum work output = - 1 n2(.16)34(96,000)2 
4(12  x lo6)  (1.25)2 
Maximum work = 9.94 i n - l b .  f o r  a sp r ing  s t r o k e  of 
6 = .0515 inches 
Spring weight = 0.283 lb/in3 2 7rR (n) (d) 
-2- .  = 1.42 x i0 ID 
t he  maximum s p e c i f i c  work i s  given by: 
f o r  a - 766 i n - M  , - 93-4 inYm l b ,  of steel s p e c i f i c  work = 
wS 1.42 x 10-21b 
.0515 inch s t roke .  
1 2  
c * c  - .  
. 
For a more r e a l i s t i c  spr ing  l e t  d be such t h a t  6 = 0.40 inches ,  
t h e  s t r o k e  of t h e  bellows motor, 
From equat ion  (14) 
compressed s p r i n g  l eng th  0.625 2 =-  4 R n m a ~ .  
Gd(1 + 9 c o i l  diameter d and n = 6 =  
4R 
s u b s t i t u t i n g  f o r  n and so lv ing  t h e  above equat ion  f o r  d: 
16 R3(.625) max = 
6G d3 + 4 ~ d ~  - 
s u b s t i t u t i n g  i n  known values:  
3 d + .64d2 - 2.58 x = 0 
d = .02 inches 
Solv ing  f o r  t h e  work output u s ing  equat ion  (15): 
2 .625 -
1 Work = - (. 16) ( .02)  2( .02 )(%,oOo) 
4(12 x 106g 
T o t a l  work = 1.84 i n - l b  f o r  
6 = 0.40 inches 
in3  (, R2 - (R-d)2) nd Weight of spr ing  = 0.283 l b /  
2 2 
= 0.283 lb/in3 (.625) (.16 - .14 ) 
3 
= (0.283 lb /  in3) (. 625) (. 006) in- 
= 3.34 x l b  
S p e c i f i c  work output :  
550 i n - l b  - T o t a l  work - 1.84 in - lb  - 
Spr ing  weighti 3e34 10-31bm lbm 
550 i n - l b  
lbm S p e c i f i c  work output  = 




Fur the r  i d e a l i z a t i o n  r e s u l t e d  i n  c a l c u l a t i o n  of,  t h e  energy s t o r a g e  
c a p a c i t i e s  of a s o l i d  s t e e l  bar i n  pure  compression and of a pure 
exp los ive  charge.  
S p e c i f i c  Energy of S o l i d  Spring (Sol id  Bar) 
P6 u =- 
2 
where U = s t r a i n  energy ( in- lb)  
P = load ( l b )  
6 = t h e  d e f l e c t i o n  due t o  t h e  load (incdeg) 
P = oA (17) 
where A = t h e  area of the  ba r  
u = t h e  t e n s i l e  stress 
1 = t he  length  of t h e  bar  
Using Hooke's Law: 
P1 6 = -  
AE 
where E = t he  modulus of E l a s t i c i t y  
Therefore ,  s u b s t i t u t i n g  f o r  P and 6 us ing  equat ions  (17), (18): 
3 
a'Al u = -  
2E 
Using steel ( o i l  quenched 0.8% carbon) 
6 E = 30 x 10 p s i  
u = 120,000 p s i  
p = n W . L U - r  0 0 9  lb!in3 
144 x 108A1 
6 
u =  
60 x 10 
2 
Volume = AL? = ( .625)  ( .32) x (us ing  volume of u n f i r e d  bellows motor) 
Volume = 5.03 x cubic inches 
Weight = 0.283 x 5.03 x 10 = 1.42 x 10 l b  
4 
- 2  - 2  
Therefore  the  maximum s p e c i f i c  s t r a i n  energy s t o r e d  by weight: 
8 
- 144 lo = 850 i n - lb /  
6 lbm 60 x 10 (Alp) us - 
14 





The S p e c i f i c  Energy Output of Gunpowder and Hydrazine 
For normal gunpowder: 
t h e  s p e c i f i c  energy output  = 740 cal/gm 
ES 
1 l b  = 454 gm 
1 cal  = 3.087 f t - l b  
= 3 7 . 1  i n - l b  
Using t h e  conversion f a c t o r s :  
Es  (gunpowder) = (740 ca1)454 gm/lbm ( 3 7 . 1  i n - l b )  
ca l  
Es = 1.25 x 10 1 in-lb/lbm 
For hydrazine (N2H4) : 
Es, t h e  s p e c i f i c  energy output  = 3 8 . 1  Kcal/mole 
1 mole = 32 gms 
1 Kcal = 3 7 . 1  x.10 i n - l b  3 
Using conversion f a c t o r s  
3 8 . 1  Kcal 454 gm 3 x 3 7 . 1  x 10 in-lb/Kcal - Es - 32 gm lbm 
1 
= 2.01 x 10 in-lb/lbm 
15 
SAMPLE CALCULATIONS 
The purpose of this section is to demonstrate the methods used in 




Figure 10 - Displacement - Time Cprve 
Velocity Calculations 
From basic calculus: 
dX 
1. = - fnr linear motion " dt 
Using the numerical approximation: 
From the raw test data, test no. 3 ,  page 25 of Project Multivator 
laboratory notebook no. 3:  
t = .8 milliseconds x = 0 inches 
tl = .9 milliseconds 
0 0 







x -x ( . 0 2  - 0) inches 1 0  
3 (.9 - .8) x 10 sec. = 1- 0 
.02 inches v =  = 200 inches/second 
at t = 0 . 9  milliseconds 
However, since this velocity is assured constant over the 0.1 
seconds 
1 
millisecond time interval, t average = 0.85 milliseconds was used for 
graphs and tables. 
Acceleration Calculations 
From calculus : 
1 2 - - -  dx 1 dX 
d x  1 dvl dtl dtl 
dt 2 q =  dtl a = - =  (3) 
Using the numerical approximation: 
% &o x1 - xo xo - -1 - - -  
tl - to to - t % nto - -1 a =  
1 At1 t l  - L L Lo 
- x  xo -1 
2- x1 - xo - - (tl -t (to - t-i)(t; - to> 0 !4! 
From test data, test no. 3 ,  page 25  of notebook no. 3:  
x1 - i .02 I z z h e s  t = 0.9  milliseconds 
- 
t = 0.8 milliseconds 
0 
xo = 0 inches 
x = 0 inches -1 t = 0.7 milliseconds -1 
i '7 
.02 - 0) inches - 0  2 a = (  sec.) 1 
6 2 
= 2 x 10 inches/(second) 
Force Calculations 
Resisting Pressure Force (Load) : 
This force was considered constant due to the large tank volume 
compared with the volume displaced by the piston motion. 
Piston Area: A : 0.785 square inches 
Pressure Force, F : tank pressure x piston area 
P 
P 
F = P x A  
P P (5) 
e.g., at 60 psi tank pressure 
F = 60 psi x 0.785 square inches 
P 
= 47.1 pounds force 
Inertial Forces 
Inertial forces are the forces associated with a mass under 
acceleration. In this experiment, these were quite large and very 
important . 
Inertial force, Fl(t) = M x A(t) ( 6 )  
where 
M = the mass of the moving system, is the piston, shaft, etc. 
The mass associated with the moving part of the bellows was 
neglected. 
A(t) = the system's acceleration, inches per square secoiid, 
at some time, t. 
From measured data: 
M = .0279 pounds weight (a weighed quantity) 
. ,. 
inches 
s ec 2 
The gravitational constant, g = 386 
18 
- 4  l b s .  - sec. 2 
M = - =  0 . 7 2 4  x 10 inches 
386  
From reduced da ta  of test no. 3:  
a t  t = t = 1.0 mi l l i seconds  2 
6 2 a ( t  ) = 10 inches/sec 2 
6 -4 l b f  - sec. 10 inches 
2 F1 ( t 2 )  = 0 . 7 2 4  x 10 X inches 
sec. 
= 7 2 . 4  l b f .  
Bellows Motor Output Force Calcu la t ion  
B The bellows motor f o r c e  output  F (t) equals  t h e  sum of the  
opposing f o r c e s  a t  any t i m e ,  t .  Refe r r ing  t o  t h e  diagram: 
I 
P=- MOVING 
F igu re  11 - Force Diagram 
F B ( t )  = F P + FI ( t )  
Neglect ing viscous e f f e c t s  as being very small. 
Using previous  t es t  data  from t e s t  no. 3 
a t  t = t2 = 1.0 mi l l i seconds  
F = 23 .6  l b f .  
FI( t , )  = 7 2 . 4  l b f .  
P 
L 
F (t ) = 72.4 + 2 3 . 6  = 96 .0  l b f .  B 2  
x p t a l  Work Output 
With the  c a l c u l a t i o n  of t h e  output  f o r c e  E t i m e ,  and us ing  the  
displacement 2. t i m e  c h a r a c t e r i s t i c s , t o  r e l a t e  t h e  f o r c e  wi th  displacement 
t h e  output  f o r c e  E. displacement curve was cons t ruc t ed .  Then t h e  
19  
average f o r c e  output* over t he  t o t a l  displacement ,  t he  average work was 
computed : 
Average To ta l  Work Output = Average Force Output x S t r o k e  Length 
W = F  x d  T A  
C a 1 cu la  t ion  of P i s  ton  S epara  t ion 
From t h e  examination of the displacement t i m e  curves ,  i t  w a s  no t i ced  
t h a t  t he  p i s t o n  of t h e  t es t  set-up seemed t o  s e p a r a t e  from the  bellows 
motor. This  r e s u l t e d  i n  t h e  observed overshoot .  Consequently, any 
r e s u l t s  a f t e r  s e p a r a t i o n  would n o t  be u s e f u l ,  because they would desc r ibe  
t h e  p i s t o n  and s h a f t ' s  motion bu t  n o t  n e c e s s a r i l y  t h a t  of t he  bellows 
motor. 
To c a l c u l a t e  t he  po in t  of s epa ra t ion  t h e  fol lowing assumptions were 
used: 
1. The s l i d i c g  f r i c t i o n  and v i s c o s i t y  fo rces  were n e g l i g i b l e .  
2 .  The tank pressure  f o r c e  was cons t an t .  
3.  The v e l o c i t y  was cons tan t  over t h e  i n t e r v a l  before  
sepa ra t ion .  
Under the  above assumptions t h e  change i n  k i n e t i c  energy of t h e  
moving system ( i o e o ,  t h e  p i s ton ,  s h a f t ,  e tc . )  w i l l  equa l  t he  work done 
by moving the  system over the overshoot displacement a g a i n s t  a cons t an t  
load 
1 / 2  Mvl 2 - Mv2 2 = Fp(xf - x s j  
V, = 0 a t  max. overshoot displacement 
L 
The formula reduces t o  
2 
1/2 MY1 = Fp(xf - xS) 
(9) 
* The average f o r c e  output equals  t h e  sum of t h e  fo rces  over t h e i r  
s t r o k e  d iv ided  by the  number of fo rces  summed, i . e . ,  f o r  t es t  no. 3 
t a b l e  no. 2 
169 + 3(96) + 241 + 169 = 145 lbf.  




V = the  average v e l o c i t y  of t he  p i s t o n  over t h e  t i m e  t o  maximum 
M = t h e  mass of t h e  moving system 
F = t h e  r e s i s t i n g  pressure  fo rce  
xf = t h e  maximum displacement 




For test no. 3 
- .67 inches 
'1 1.2 mi l l i seconds  
- = 558 inches/second 
3 
- 4  lbs-secL 
inch M = 0.724 x 10 
F = 30 p s i  x .785 = 2 3 . 6  l b s .  
P 
xf = 0.74 inches  
2 ( .724 x loe4) (558) 
2 ( 2 3 . 6 )  x = .74 - S 
x = 0.74 - .48 = 0 . 2 6  inches 
S 
System F r i c t i o n  Forces  -- 
The moving system had n e g l i g i b l e  f r i c t i o n  a s s o c i a t e d  with i t .  
Consequently,  t he  remaining f r i c t i o n  i n  the  s y s t e m  w a s  t h a t  of t h e  
bellows motor rubbing along t h e  w a l l  of t he  f i r i n g  chamber. 
A s  suming : 
1. a f r i c t i o n  c o e f f i c i e n t  p of 0 . 3  f o r  Aluminum 
2 .  a cons tan t  force  throughout t h e  s t r o k e  of 100 l b s .  
2 1  
4 
F i g u r e  1 2  - F r i c t i o n  Force Diagram 
0 .02  Normal Force = 100 lbs -625 
= 2 = 3.2 l b s .  -
625 
F r i c t i o n  Force = p x normal f o r c e  
= 0 . 3  x 3.2 = 0.96 lbs. 
22 
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I. DESCRIPTION OF THE VALVE 
The s u b j e c t  of t h i s  a n a l y s i s  i s  shown i n  F ig .  1. 
P r i o r  t o  a c t i v a t i o n  s l l d e  A i s  a t  t h e  t o p  of i t s  enclos-  
i ng  chamber a s  i s  S l i d e  B. Passage D i s  open and passage 
T i s  olosed a t  t h i s  t ime. Upon a c t i v a t i o n  a supp ly  
p re s su re  i s  appl ied ,  fo rc ing  s l i d e  A i n t o  the  p o s i t i o n  
shown. For the  i n s t a n t  o f  time shown, s l i d e  B has j u s t  
begun t o  move, f o r c i n g  the f l u i d  beneath i t  through 
passage T i n t o  chamber 3. 
Bo th  t he  valve casing and t h e  s l i d e s  a r e  made from 
303 s t a i n l e s s .  The s l i d e s  have a r a d i a l  olearance of 
approximately one m i l .  A h igh vacuum grease  (Dow Corning) 
was used t o  provide l u b r i c a t i o n  and a s e a l  around the  
s l i des .  During t e s t i n g  a i r  was used t o  a c t i v a t e  the  valve,  
and water was the f l u i d  i n  chamber 2. 
11. ANALYSIS 
c h a r a c t e r i s t i c s  of t h i s  valve, f o r  t he  purpose of ob ta in ing  
a b e t t e r  understanding of  the  e f f e c t s  of geometry and 
p res su re  l e v e l s  on i t s  performance. Hopefully t h i s  w i l l  
i n  the end lead t o  a b e t t e r  o r  more n e a r l y  optimum design.  
The a n a l y t i c a l  model and nomenclature which was chosen 
i s  shown i n 4 F i g .  ii. KUte t;lst sli2e A LE n c t  shown. T h i s  
was done f o r  two reasons; f irst  t h a t  the  i n t e r e s t i n g b p a r t  
of t he  e n t i r e  sequence o f  events  happens a f t e r  t h i s  s l i d e  
has completed i t s  motion, and, second, t h a t  i t  would  n o t  
, . be p o s s i b l e  t o  combine the a n a l y s i s  of t h e  two s l i d ses  
The a n a l y s i s  cons is ted ,  then, of t he  dynamic c h a r a c t e r i s t i c s  
o f . s l i d e  B a f t e r  s l i d e  A had completed i t s  motion.' 
Assuming t h a t  the damping between the  s l i d e  and i t s  
con ta ine r  wa l l s  i s  completely viacous or' g r o p o r t i s n z l  tc 
t h e  v e l o c i t y  w i t h  no s t a t i c  e f f e c t s ,  Newton'$ second law 
g i v e s  f o r  the s l i d e  
D A - D d  .-, A d ?  $. B2 
' 1 ' 7 1  Z { ' Z  
L The o b j e c t  of t h i s  s t u d y  was t o  determine th,e'dynamic 
, wit i i0u t .a  de lay  funct ion,  a messy mathematical concept. 
(1) 
5 
The c o n t i n u i t y  equat ion appl ied  t o  chamber 2 g ives  
( 2 )  
. I  
Q - vo/,e Fj/gwRate = 4 R  
neg lec t ing  any compress ib i l i t y  e f f e c t s .  
t i o n s  t h a t  t h e  flow i s  f u l l y  developed and laminar w i t h  
Wity the  assump- 







where,u is t he  f l u i d  v i s c o s i t y  and L is t he  l e n g t h  of t he  
t u b e .  
Fo r  chambers 1 and 3 the  c o n t i n u i t y  equat ion  is 
and the  energy equat ion  i s  
I f  t he  f l o w  through passages A and A is assumed t o  
be descr ibed by the  o r i f i c e  equa t io8  f o r  cfhmressible  flow. 
Mi can be r e l a t e d  
where 
t o  Pi. For t he  a r e a  A. 
I n  t h i s  equat ion  k is the r a t i o  of s p e c i f i c  h e a t s  (1 .4  f o r  
a i r ) ,  C and C a r e  cons tan ts ,  and C is t he  d ischarge  
c o e f f i c a e n t  fop  the o r i f i c e .  A simi!& equa t ion  could be 
w r i t t e n  f o r  M and it would be p o s s i b l e  t o  r e l a t e  the 
e x i t  p r e s s u r e ,  As can be seen by an i n s p e c t i o n  of Eqn. 7 
t h i s  r e l a t i o n  would not  be e x p l i c i t  and would  be q u i t e  
non- l inear .  
I n  o rde r  t o  ob ta in  a r e p r e s e n t a t i o n  s u i t a b l e  f o r  
a n a l y s i s ,  a b i t  of l i n e a r i z a t i o n  is now c a l l e d  f o r .  It  i t  
is assumed t h a t  t he  change of s t a t e  of t he  f l u i d  i n  
chamber 1 is isothermal ,  then f o r  small  v a r i a t i o n s  
motion of t he  3’ s l i d e  t o  the p re s su re  i n  chamber 3 and t h e  
(8 )  
where the  d e l t 8  no ta t ion  r e f e r s  t o  a small  change of the 
v a r i a b l e .  The s u b s c r i p t  i i n d i c a t e s  t h a t  t he  q u a n t i t y  s o  
marked is a cons tan t  evaluated a t  t he  ope ra t ing  p o i n t .  If 
the  change of s t a t e  of the f l u i d  is assumed t o  be a d i a b a t i c  
Eqn. 7 becomes 
It can be seen t h a t  the  two equat ions  a r e  e s s e n t i a l l y  the  
same, the  only d i f f e rence  being i n  the  magnitude of t h e i r  
cons tan t  c o e f f i c i e n t s ,  Rather than assuming one o r  the 
. 
o the r ,  express t h e  equat ion as  
A d e c i s i o n  a s  t o  what type of cond i t ions  a c t u a l l y  occur 
can then  be p u t  o f f  u n t i l  l a t e r ,  and the c o e f f i c i e n t s  
eva lua ted  correspondingly.  A s imi la r  a n a l y s i s  appl ied  t o  
chamber 3 g ives  
The mass flow r a t e  i n t o  chamber 1 i s  now found by 
l i n e a r i z i n g  Eqn. 6. I f  t he  assumption of cons tan t  supply 
p re s su re  and temperature is made, t h i s  equat ion  becomes 
Correspondingly, f o r  t he  mass flow r a t e  out  of chamber 3 
it is found t h a t  
L i n e a r i z a t i o n  of  Eqns. 1, 2, and 3 g ives  
444, - 4 4 A z  = /bP'fk/t,)+BD&X) (14 )  
where D = d / d t ,  the  d i f f e r e n t i a l  time ope ra to r .  The change 
i n  volume, A V and A V  may be expressed i n  terms of as  1 2 
/ 7 7 \  
\A1 I 4 v/ = A,(PX) 
and 
Combining Eqnsld through 18 i t  is found t h a t  
a v, = -A,(4x) 
Some p h y s l c a l  s ign i f i cance  may now be a t t ached  t o  the  
c o e f f i c i e n t s ,  From t h e  f i r s t  term of t he  coef*f ic ien t  of the  
f i r s t  o rde r  d e r i v a t i v e  i t  can be seen  t h a t  the  e f f e c t i v e  
damping is d i r e c t l y  p ropor t iona l  t o  the  v i s c o s i t y  of the 
f l u i d  and the  l eng th  of passage T and i n v e r s e l y  p ropor t iona l  
t o  the  square of the  a r e a  of the passage.  T h i s  seems 
l o g i c a l  and probably could have been assumed before  t h e  
s t a r t  of the a n a l y s i s .  
d i r e c t l y  p r o p o r t i o n a l  t o  the  square of t he  a r e a  of s l i d e  B, 
a r e s u l t  which i s  not  s o  obvious. 
The t h i r d  term of t h i s  c o e f f i c i e n t  looks a t  f irst  
l i k e  a nega t ive  damping term. The c o e f f i c i e n t  C1 comes 
from the  equat ion  of s t a t e  of chanber 1, Eqn. 8, and i s  
The i n t e r e s t i n g p a r t  i s  t h a t  i t  i s  
It is a p o s i t i v e  q u a n t i t y  and s o  the  f u l l  term s t i l l  
appears  nega t ive .  I n  the denominator the  term C comes 
from t h e  o r i f i c e  equation, Eqn. 6. Performing thg  ind ica t ed  
d i f f e r e n t i a t i o n s  it i s  found t h a t  
where 
F igure  3 shows a p l o t  of f ( R )  versus  R .  A s  can be seen  
C 
o a e r a t i n g  p o i n t ,  T h i s  w i l l  be a nega t ive  q u a n t i t y .  It 
should a l s o  be noted t h a t  f o r  a small p re s su re  drop a c r o s s  
t he  o r i f i c e ,  i . e .  R - 1 ,  a$,AR w i l l  be a l a r g e  nega t ive  
q u a n t i t y .  
The o t h e r  term of the denominator, C , comes from t h e  
equa t ion  of s t a t e  f o r  chamber 1, Eqn, 8, gnd i s  equa l  t o  
i s  j u s t  a mul t ip l e  of the s l o p e  of t h i s  graph nea r  the 
which i s  a p o s i t i v e  quan t i ty .  TnereTore t h e  e i l t i rz  
denominator w i l l  be negat ive,  and so,  cance l l i ng  t h i s  s i g n  
wi th  the s i g n  be fo re  the  equat ion,  i t  can be seen  t h a t  the 
term i n  a c t u a l i t y  a p p l i e s  p o s i t i v e  damping t o  the system. 
(Fi~a~113iirance as t o  the co r rec tness  of t he  a n a l y s i s  - 
negat ive  damping could prove d i s t r e s s l n g .  j 
the  c o e f f i c i e n t  i t  is  found tha t  the c o e f f i c i e n t  C 
resembles C , being  composed of the p r e s s u r e  P 
C w i t h  the  subsc2;pts changed from 1 t o -  3. 
the temperature T 
igg q u a n t i t y  i n  t h i s  case i s  C . 
and 6 and performing the ind icg ted  d i f f e r e n t i a t i o n s  i t  i s  
found t h a t  
Performing a s i m i l a r  a n a l y s i s  of the  l a s t  term of 
and 
Also, correspondingly,  C 3resembles !b he i n t e r e s t -  








Applying the  same reasoning a s  before  and n o t i n g  t h a t  f l  
and Q a r e  p o s i t i v e  q u a n t i t i e s  while a$/JQ i s  a nega t ive  
q u a n t i t y  we s e e  t h a t  C i s  a p o s i t i v e  q u a n t i t y .  Therefore 
damping t o  the  system. 
The t o t a l  damping c o e f f i c i e n t  is t h e  composed of 
a number of e f f e c t s ,  It could be broken down i n t o  f o u r  
c a t e g o r i e s :  
1. Damping due t o  viscous shea r  i n  the  s e a l i n g  grease  
2. Damping due  t o  the  a r e a  of  the passage T and the  
3. Damping due  t o  o r i f i c e  1 and chamber volume 1 
4.  Damping d u e  t o  o r i f i c e  3 and chamber volume 3 
To get an  idea  o f  the r e l a t i v e  magnitude of t hese  
terms a few values  f o r  the p r e s e n t  ope ra t ing  p o i n t  and 
p r e s e n t  geometr ical  dimensions were used. Assuming 
the  e n t i r e  l a s t  term i Ei p o s i t i v e  and c o n t r i b u t e s  p o s i t i v e  
f l u i d  whic-h i s  being used 
Supply p res su re  ( pS) 
E x i t  pres-sure (Pa) 15  p s i  2 
20 p s i g  
A = A2 = A3 0.0708 i n 2  
0.0021 i n  
0.85 i n  






c a l c u l a t i o n s  show t h a t  the equat ion  of motion, expressed 
i: numerical fGrE Fa 
if the  change of s t a t e  i s  assumed i so thermal  and 
if i t  is considered a d i a b a t i c .  
(7) 
A s  can be seen, f o r  t he  p r e s e n t  ope ra t ing  p o i n t  the  
c o n t r i b u t i o n s  O f  the las t  two terms a r e  n e g l i g i b l e ,  
i r r e s p e c t i v e  of the assumed change of s t a t e .  Apparently 
they w i l l  only be important under choked cond i t ions .  c 
Under choked o r  nea r  choked cond i t ions  C + O  and C -1. 
Therefore i t  appears  tha t  f o r  a l l  condit2ons the  cobt r ibu-  
t i o n  due t o  t he  l a s t  term w i l l  be n e g l i g i b l e .  A s  s t a t e d  
before  t h i s  i s  t h e  con t r ibu t ion  due t o  o r i f i c e  3 and volume 
3. However, under choked cond i t ions  the c o n t r i b u t i o n  d u e  
t o  o r i f i c e  1 and volume 1 w i l l  no t  be a damping e f f e c t  
b u t  ra ther  a s p r i n g  e f f e c t .  An i n s p e c t i o n  of equat ions  
20 and 23 show tha t  the magnitude of t h i s  c o n t r i b u t i o n  
w i l l  be d i r e c t l y  p ropor t iona l  t o  the  p re s su re  P1. 
111.. CONCLUSIONS 
A s  expected the behavior of the  valve i s  a damped- 
mass sys tem under most condi t ions .  The most important 
c o n t r i b u t i o n  t o  the  damping term cones, a s  expected, 
f rom viscous shear wi th  the s e a l i n g  grease  around the 
s l i d e ,  The only o t h e r  s i g n i g i c a n t  c o n t r i b u t i o n  comes 
from the dimensions o f  the passage T and the  p r o p e r t i e s  
of  t he  f l u i d  contained i n  chamber 2. Under c e r t a i n  
condi t ions ,  i . e .  choked f l o w  i n  o r i f i c e  Ao, a s p r i n g  f o r c e  
term w i l l  be introduced i n t o  the equat ion .  
t o  draw a number of conclusions about the e n t i r e  sys tem.  
A s  t h e  volume f l o w  r a t e  i n t o  chamber 3 is  d i r e c t l y  propor- 
t i o n a l  t o  t h e  displacement of t he  s l i d e ,  knowing how t h i s  
q u a n t i t y  v a r i e s  w i l l  give u s  the flow r a t e  f o r  any 
cond i t ions  of geometry, f l u i d  p r o p e r t i e s ,  and ope ra t ing  
p o i n t .  I f  the t o t a l  time of a c t i o n  of t he  valve i s  of 
i n t e r e s t  t he  a c t i o n  of  s l i d e  A may be taken i n t o  account 
by merely cons ider ing  i t  a s  a s e p a r a t e  e n t i t y .  The time 
requi red  f o r  i t s  motion could then  be added t o  the time 
of a c t i o n  of s l i d e  B f o r  t he  t o z a i  a c t i o n  time of  thz  
valve .  
From t h i s  l i n e a r i z e d  a n a l y s i s  of s l i d e  B i t  i s  p o s s i b l e  
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